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1  SYNOPSIS 

This  report  describes  the  results  of  work  performed  by  Sperry  Microwave 
Electronics  Company  for  the  Rome  Air  Development  Center  and  the  Advanced 
Research  Projects  Agency  during  the  first  semiannual  period  of  Contract  No. 
AF30(602)-4122(ARPA  Order  No.  5i>0). 

The  objectives  of  this  program  are 

1.  To  determine  the  limitaticras  imposed  by  intrinsic  material 
parameters  on  the  peak  power  handling  capacity  of  ferrite 
digital  pliase  shifters, 

2.  To  develop  ferrimagnetic  materials  with  improved  proper¬ 
ties  for  use  in  high  peak  power  digital  phase  shifters,  and 

3.  To  evaluate  both  the  improved  materials  and  various 
existing  materials  in  appropriate  rf  structures  at  fre¬ 
quencies  in  L,  S,  C  and  X  bands. 

Emphasis  is  placed  on  attaining  high  peak  power  capacity  even  at  the  expense  of 
some  degradation  of  other  performance  characteristics.  To  permit  an  assessment 
of  the  cost  of  attaining  a  specified  peak  power  capacity  in  terms  of  possible  degrada¬ 
tion  of  other  performance  characteristics ,  the  interrelationships  between  peak 
power  capacity,  insertion  loss,  phase  shift,  temperature  stability,  etc. ,  are 
examined.  These  interrelationships  arise  from  the  dependence  of  each  of  these 
device  characteristics  on  intrinsic  material  parameters.  Such  studies  highlight  the 
"tradeoffs"  that  might  be  made  to  obtain  the  optimum  digital  phase  shifter  for  a 
given  high  peak  power  application. 

A  brief  description  of  the  contents  of  each  section  of  this  report  follows. 

Section  2 

Background  information  and  a  statement  of  the  program  objectives  are 
presented. 

Section  3 

This  section  presents  both  a  qualitative  and  an  analytical  discussion  on  how 
the  intrinsic  material  parameters  of  remanent  state  ferrimagnetic  materials 
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influence  the  operating  charaoteriatice  of  ferrite  digital  phaae  shifters  (FDPS). 
Emphasis  is  placed  on  clearly  describing  the  limltlstions  imposed  by  intrinsic 
material  parameters  on  high  peak  power  operation. 


The  section  begins  with  a  qualitative  description  of  the  operating  principles 
of  a  waveguide  nonreciprocal  digital  phase  shifter.  Following  the  introductory 
comments  is  a  discussion  of  a  physical  model  for  remanent  state  ferrites  which 
appears  to  account  quite  well  for  the  experimentally  observed  properties  of  these 
materials.  The  central  concept  used  in  the  development  of  the  physical  model  is 
that  a  remanent  state  material  is  made  up  of  a  substantial  number  of  magnetic 
domains.  Each  domain  is  a  magnetically  saturated  region  whose  properties  can  be 
described  by  conventional  theory  of  saturated  media.  The  beoavior  of  the  domains 
differs  because  each  may  have  a  different  shape,  and  the  magnetization  of  the 
various  domains  points  in  different  directions.  Each  of  these  domains  then 
experiences  an  "effective"  bias  field  whose  magnitude  is  related  to  Jatrinsic 
material  parameters  and  to  the  shape  of  the  domain.  From  the  physical  model  a 
mathematical  model  for  remanent  state  ferrites  is  developed  based  on  averaging  the 
properties  of  the  individual  saturated  regions  to  obtain  a  set  of  effective  properties 
for  the  bulk  remanent  state  material.  The  mathematical  characterization,  thus, 
takes  the  form  of  a  complex  "average"  tensor  permeability  which  includes  the 
effects  of  intrinsic  linewidth,  magnetocrysta liine  anisotropy,  remanent  magnetiza- 
tion,  and  an  average  demagnetizing  field  appropriate  to  the  distribution  of  magnetic 
domains.  The  distribution  and  shape  of  the  magnetic  domains,  and  hence  the  value 
of  the  average  demagnetizing  field,  are  determined  to  a  large  extent  by  sample  shape 
and  the  remanence  ratio  of  the  material. 


The  discussion  of  physical  and  mathematical  models  of  remanent  state 
ferrites  is  followed  by  a  description  of  analysis  techniques  which  can  be  used  to 
obtain  numerical  relationships  between  the  transfer  characteristics  of  a  phase 
shifter  (i.e. ,  loss  and  phase)  and  the  dimensional  and  material  parameters  of  the 
structure.  As  an  example  of  these  techniques,  ,the  propagation  constant  equation  is 
derived  for  a  typical  digital  phase  shifter  modal. 


An  analysis  of  peak  power  effects  in  remanent  «t&*e  ferrites  is  next  pre¬ 
sented.  The  analysis  is  based  on  the  multidomain  model  of  remanent  materials 
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mentioned  previously.  Since  each  domain  is  a  magnetically  saturated  region,  the 
peak  power  effects  on  a  domain  by  domain  basis  may  be  interpreted  in  terms  of  the 
spin  wave  interactions  of  the  well  known  Suhl-Schloemann  theory  of  nonlinear  effects 
in  saturated  media.  Each  domain  may  experience  a  different  effective  bias  field  and 
hence  may  have  a  different  threshold  power  level  from  all  other  domains.  The 
threshold  level  observed  experimentally  by  comparing  power  levels  at  the  output  and 
input  of  a  phase  shifter  is  the  threshold  level  of  the  "worst"  or  most  unfavorably 
biased  domain.  In  the  usual  FDPS,  the  occurrence  of  the  first  order  nonlinear 
process  is  the  factor  which  limits  peak  power  performance.  In  the  first  order  pro¬ 
cess  energy  from  the  uniform  precession  is  scattered  and  lost  to  half-frequency  spin 
q  wave  modes.  For  this  process  the  threshold  field  hcr^  is  proportional  to  the  spin 
wave  linewi  iai  dH^  and  inversely  proportional  to  the  normalized  saturation  magneti¬ 
zation  Wm/ oj .  Since  d  is  a  function  of  the  wave  number  k  (AHj  tu  A  +  Bk^), 
obviously  hcr^  depends  dramatically  upon  the  availability  of  low  k  number  half¬ 
frequency  spin  waves.  In  remanent  state  ferrites  the  availability  of  half-frequency 
spin  waves  with  low  k  values  in  turn  depends  upon  um/u  through  the  dependence  of 
each  domain’s  effective  bias  field  on  demagnetizing  terms. 

For  even  the  most  unfavorably  biased  domains  (Polder-Smit  type  domains) 
low  k  spin  waves  are  no  longer  available  when  <jm/cj  drops  below  about  0. 3.  As  a 
result  of  the  k  dependence  of  dH^,  these  domains  will  exhibit  an  abrupt  increase  in 
dHk,  and  hence  hcrit,  for  um/u  as  0.3.  For  other  types  of  domains  the  restriction 
-v  high  k  states  (and  increase  in  hcrjj)  will  occur  at  larger  values  of 
(Jm/u .  Thus,  the  rate  of  change  of  hcrit,with  <Jm/cj  will  vary  with  the  type  of 
domains  present  in  the  toroid .  In  ary  event,  however,  hcrjj  must  increase  rapidly 
in  the  vicinity  of  0.3. 

Thus,  the  threshold  field,  and  hence  the  peak  power  hunriHng  capacity  can 
r  e  controlled  by  changes  in  the  dHk  of  low  k  spin  waves  (e.g. ,  by  rare  earth  doping 
of  garnets)  or  by  changing  (Jm/cj  (e.g. ,  by  aluminum  doping  of  garnets). 

The  final  portion  of  this  section  deals  with  the  ferrite  square  loop  properties 
°t  interest  in  FDPS.  The  dependence  of  remanence  ratio  (Rr)  coercive  force  (Hc) 

switching  time  Ta  are  related  to  the  intrinsic  and  ceramic  properties  of  the 
ferrite. 
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-  r“  This  ssctlon  presents  a  discussion  and  comparison  of  the  result*  of  the 

iUM^ttsal  tad  experimental  phases  of  the  program.  The  results  presented  include 

*  1.  Numerical  predictions  of  phase  shifter  performance 

characteristics  obtained  from  a  computer-aided  solution 
of  the  exact  boundary  value  problem,  including  the 
effects  of  losses,  for  the  waveguide  digital  phase 
shifter  configuration  on  which  most  of  the  experimental 
measurements  were  performed, 

2.  Extensive  experimental  data  depicting  the  effect  of 
material  and  dimensional  parameters  on  low  and  Mgh 
peak  power  digital  pfcose  shifter  characteristics, 

3.  Experimental  data  depicting  the  dependence  of  the  micro¬ 
wave  and  square  loop  material  properties  on  preparation 
techniques  and  ambient  temperature,  and 

4.  Experimental  data  depicting  phase  shift  and  magnetic 
loea  variations  at  frequencies  below  resonance. 

From  these  data  it  can  be  seen  that 

1.  Good  agreement  is  obtained  between  theoretical  perform¬ 
ance  predictions  and  experimental  data, 

2.  Material  parameters  and  structural  dimensions  can  be 
selected  to  optimize  phase  shifter  performance  in  terms  of 

•  Loss  per  360°  of  differential  phase  shift, 

•  Peak  power  handling  capacity, 

•  Phase  shift  per  unit  length,  or 

•  Stability  of  performance  over  a  large  frequency 
range,  or 

•  Stability  of  performance  over  a  large  tempera¬ 
ture  range,  etc. , 

but  if  more  than  one  of  these  capabilities  is  required 
simultaneously  then  compromise,  rather  than  ultimate, 
characteristics  must  be  accepted, 

3.  Peak  power  handling  capacity  at  a  given  frequency  can 
be  increased  by  Increasing  the  spin  wave  linewidth  of 

the  material  and/or  decreasing  its  saturation  magnetization, 

4.  Low  power  insertion  loss  increases  with  increasing 
intrinsic  linewidth, 

5.  High  density  materials  lead  to  the  best  overall  ferrite 
characteristics  for  FDP8  applications  and 


■ 


1-4 


004002 


v  *  .  v 


6.  Magnetic  loesea  in  some  remanent  materials  appear 
to  decrease  at  frequencies  below  resonance  at  about 
the  same  rate  as  at  frequencies  above  resonance, 
much  (be  same  as  they  do  in  magnetically  saturated 
materials. 

Section  S 


This  section  presents  a  summary  of  the  conclusions  deduced  from  the 
results  of  this  study.  Typical  tradeoffs  between  peak  power,  insertion  loss,  and 
phase  shift  per  unit  length  are  illustrated  in  Table  VII. 
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2  INTRODUCTION 

2. 1  BACKGROUND  OF  PROGRAM 

Research  and  development  efforts  on  ferrite  digital  phase  shifters  (FDPS) 
have  established  certain  guidelines  useful  in  the  selection  of  materials  and  structures 
for  these  devices.  These  efforts  have  established  that  materials  from  the 
magnesium-manganese  ferrite  and  the  rare  earth  substituted  yttrium  aluminum  iron 
garnet  families  are  the  chief  materials  of  interest.  The  structures  of  principal 
interest  are  dielectrically  loaded  rectangular  ferrite  toroid  configurations  in 
reduced  width  waveguide.  Within  these  basic  guidelines,  certain  refinements  of  the 
material  and  structural  parameters  will  serve  to  optimize  the  performance 
characteristics  of.  digital  phase  shifters.  For  example,  rare  earth  doping  may  be 
utilized  to  increase  the  peak  power  handling  capacity  of  the  ferrite  and  gadolinium 
substitutions  can  stabilize  the  magnetization  of  the  ferrite,  and  hence  the  phase  shift 
of  the  devices  over  wide  temperature  ranges.  The  limitations  of  these  and  other 
such  techniques  and  the  interrelation  of  the  various  device  properties  have  not  been 
clear. 

It  is  the  purpose  of  this  program  to  determine  these  limitations,  develop 
the  necessary  improvements  in  the  materials,  and  establish  quantitative  information 
which  will  clearly  define  the  tradeoffs  involved  in  obtaining  satisfactory  peak  power 
performance  with  minimum  sacrifice  of  insertion  loss,  switchiig  characteristics, 
etc.  To  this  end,  a  combined  theoretical  and  experimental  program  have  been 
initiated.  The  theoretical  and  experimental  efforts  are  closely  coordinated.  It  is 
felt  that  a  more  complete  understanding  of  the  physical  processes  involved  in 
remanent  state  devices  has  been  obtained,  and  that  the  analytical  techniques 
developed  can  permit  the  prediction  of  the  intrinsic  material  parameter*  required  to 
yield  prescribed  phase  shifter  characteristics.  In  addition,  an  investigation  is  being 
performed  on  the  effects  of  material  preparation  techniques  on  the  material 
parameters  which  are  found  to  be  important  in  determining  phase  shifter  perform¬ 
ance. 
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2.2  PR0GRA21  OBJECTIVE! 

Tbe  basic  9.  fram  objective*  are  u  follow*: 

•  Improve.  mt  cud  evaluation  of  ferrite  and  garnet 
Materials  for  use  la  digital  phase  shifters  at  L,  S,  C, 
sad  X  beads  will  be  pursued  with  increased  effort  at 
the  lower  frequency  bends.  Emphasis  will  be  placed 
m  development  of  peak  power  capability  of  the  order 
of  160  kilowatts  addle  generating  insertion  losses  of 

.  ldbor  Ims  and  phase  stability  with  temperature 
variation  over  the  military  range. 

*  Microwave  digital  phase  shift  structures  will  be 
studied  with  special  emphasis  on  materials  derived 
is  tide  program  combined  with  the  requirement*  for 
M|di  switching  speed,  low  switching  power,  low  loss, 
low  bolding  power,  compact  configuration,  low  unit 
cost,  and  high  peak  and  average  power  handling 
capability. 
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3  OPERATING  DYNAMICS  OF  FERRITE*  DIGITAL  PHASE  SHIFTERS 


3. 1  BASIC  CONCEPT  OF  FERRITE  DIGITAL  PHASE  SHIFTERS  (FDPS) 

Ferrite  loaded  transmission  structures  have  been  used  for  a  number  of  years 
to  obtain  electrically- controllable  reciprocal  and  nonreciprocal  phase  shift.1  The  oper¬ 
ation  of  early  ferrite  phase  shifters  was  based  on  changes  in  the  propagation  constant 
of  the  ferrite  loaded  structure  which  occur  when  the  rf  permeability  of  the  ferrite  is 
varied  by  controlling  the  ferrite’s  dc  magnetic  bias  field.  These  variable-bias-field 
phase  shifters  were  rather  bulky  in  size  and  slow  in  switching  from  on?  phase  shift 
value  to  another,  due  to  the  substantial  electromagnet  required.  In  addition,  dc  power 
consumption  was  high  because  of  the  holding  current  required  to  maintain  a  given  phase 
shift.  Such  characteristics  are  unacceptable  in  many  applications.  Beam  steering  in 
a  rapid  scanning  array,  for  example,  requires  high  performance,  variable  phase  shifters 
capable  of  fast  switching,  requiring  low  switching  and  holding  power,  and  producible  in 
large  numbers  at  low  cost. 

The  ferrite  "digital”2  or  "latching"  phase  shifter  concept  represents  a  signifi¬ 
cant  and  promising  advance  in  phase  shifters  for  rapid  scanning  array  application.  The 
innovation  that  distinguishes  the  digital  phase  shifter  from  its  predecessors  is  the  utili¬ 
zation,  as  the  phase  shift  element,  of  a  "square  hysteresis  loop"  ferrite  physically 
arranged  to  form  a  closed  magnetic  path.  Operation  is  then  based  on  the  change  in  prop¬ 
agation  constant  which  occurs  when  the  rf  permeability  of  the  ferrite  is  varied  by  chang¬ 
ing  the  remanent  magnetization  of  the  ferrite.  The  remanent  magnetization  is  varied  by 
switching  from  one  remanent  state  to  another  around  major  or  minor  hysteresis  loops. 
Digital  phase  shifters  can  be  realized  in  rectangular  and  cylindrical  waveguide,  coaxial, 
stripline,  helical,  meander  and  other  transmission  structures. 

A  cutaway  view  of  a  particularly  useful  nonreciprocal  ferrite  digital  phase 
shifter  is  shown  in  Figure  1.  In  this  structure,  the  phase  shifting  element  is  a  rectan¬ 
gular  toroid  of  "square  loop"  ferrite  positioned  along  the  axis  of  the  rectangular  wave¬ 
guide.  A  single  turn  of  wire  coaxial  to  the  ferrite  toroid  provides  a  path  for  the  current 
pulses  which  magnetize  the  ferrite  to  either  of  two  remanent  magnetization  states 


*  The  word  "ferrite"  is  used  in  this  report  to  represent  any  ferrimagnetic  material. 

1  B.  Lax  and  K.  J.  Button,  Microwave  Ferrites  and  Ferrlroagnetics,  McGraw-Hill 
Book  Company,  Jhc. ,  1962.  pp.  589-699. 

2  M.  A.  Treuhaft  and  L.  M.  Silber,  "Use  of  Microwave  Ferrite  Toroids  to  Eliminate 
External  Magnets  and  Reduce  Switching  Power, "  Proc.  IRE,  vol.  46,  p.  8,  1958. 


3-1 


m  **lown  In  flpire  2.  Bias  power  is  thus  required  only  in  switching  from 

one  stats  to  the  other,  JLe. ,  no  holding  current  is  required.  Corresponding  to  these 
etates,  there  are  phase  shifts  +*r  and  -*r  and  their  difference,  #r,  is  the  nonrecipro- 
cai,  differential  phase  shift  of  the'errite  "bit.  ”  In  the  device  several  bits  of  different 
values  ere  used  in  cascade  to  achieve  step- wise  variable,  or  digital,  phase  shift  by 
activating  (charging  to  +M,.)  the  appropriate  combinations  of  bits,  with  the  remaining 
bits  left  in  the  "inactive”  f-iy  state.  The  dielectric  core  of  the  toroid  helps  to  concen¬ 
trate  the  rf  energy  in  the  ferrite.  If  a  total  adjustable  phase  shift  of  860°  is  required, 
for  example,  the  lengths  id  the  toroid  segments  might  be  selected  so  that  phase  shifts  of 
180®,  90®,  48®,  22. 5°,  11.25°,  and  2. 028°  are  (Attained.  The  result  is  a  phase  shifter 
capable  of  exhibiting  any  differential  phase  shift  from  0°  to  360c  in  5 . 628°  steps .  Com¬ 
mon  terminology  is  to  call  such  a  device  a  six-digit  or  six-bit  phase  shifter. 

As  implied  above,  the  FDPS  may  be  devised  in  a  variety  of  transmission  struc¬ 
tures  and  may  be  nonreciprocal  or  reciprocal,  depending  upon  the  manner  in  which  the 
rf  fields  couple  to  the  magnetic  moments  of  the  ferrite.  All  of  the  ferrite  toroid  may  be 
immersed  in  the  rf  field  or,  alternatively,  to  aid  in  temperature  stabilisation,  only  a 
portion  of  the  ferrite  may  be  immersed  in  the  rf  field  with  the  magnetic  path  completed 
by  extern*!  ferrite  segments.3  However,  in  all  the  varieties  of  ferrite  digital  phase 
shifters,  the  properties  of  the  ferrite  itself  have  the  dominant  role  in  determining  the 

"quality"  cdF  the  device. 

< 

The  sections  that  follow  discuss  and  analyse  the  role  of  the  ferrite  properties 
in  determining  the  operating  characteristics  of  ferrite  digital  phase  shifters.  Material 
requirements  for  reciprocal  and  nonreciprocal  phase  shifters  are  very  similar.  Empha¬ 
sis  in  the  analysis  and  experiments  reported  here  is  placed  on  the  nonreciprocal  variety 
which,  thus  far,  appears  to  be  most  promising  for  phased  array  application. 


3  E.  Stern  and  W.  J.  Ince,  "Temperature  Stabilisation  of  Unsaturated  Microwave 
Ferrite  Devices, "  11th  Annual  Conf .  on  Magnetism  and  Magnetic  Materials,  San 
Francisco  (November  1965);  J.  Appl.  Phys.  37.  1075  (1  March  1906). 
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Figure  2.  Hysteresis  Loop  of  a  High  Jtemanence 
(i.  e. ,  "Square-Loop")  Ferrite 
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Figure  1.  Cutaway  View  of  a  Waveguide  Latching  Phase  Shifter 
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%M  ANALYTICAL  MODEL**  OF  FERRITE  DIGITAL  PHASE  BHIFTERb 


The  proper  evaluation  of  material*  for  use  in  ferrite  digital  phase  shifters 
require*  the  availability  of  at  leaat  a  qualitative  physical  model  for  the  materials  and 
other  elements  of  the  phase  shifter.  Such  models  serve  as  an  indispensable  aid  In 
correlating  and  Interpreting  experimental  data.  To  be  able  to  predict  the  material 


’gam;  stem  required  for  producing  a  phase  shifter  with  specified  performance  char¬ 
acteristic*  or,  alternatively,  to  predict  how  a  given  material  will  perform  In  a  phase 
shifter  without  actually  carrying  out  an  experimental  test,  it  is  necessary  to  have  an 

model  for  the  material  and  other  elements  of  the  phase  shifter, 
i  to  the  mathematical  models,  analysis  techniques  are  required  which  enable 
the  transfer  characteristic*  of  the  phase  shifter  to  be  related  mathematically  to  the 
intrinsic  material  and  dimensional  parameters  of  the  device  structure.  The  validity 
of  the  mathematical  medals  and  analysis  techniques  must  then  be  carefully  evaluated  by 
comparison  oi  analytical  predictions  with  the  results  of  experiments  performed  on  lab¬ 


oratory  models  of  the  phase  shifter.  With  such  models  and  analysis  techniques  avail- 
tide,  the  performance  of  ferrite  in  different  frequency  bands  and  with  different  geom¬ 
etries  can  be  evaluated  without  having  to  resort  to  an  actual  laboratory  measure¬ 


ment  for  each  geometry  and  frequency . 


The  principal  difficulty  in  generating  analytical  models  for  ferrite  devices  is 
in  the  representation  of  the  ferrite  itself.  If  the  ferrite  Is  magnetically  saturated,  then 
Its  microwave  magnetic  properties.  Including  magnetic  losses,  can  be  represented  by 
tee  Landau  -  Lif shits  permeability  tensor.  However,  for  a  partially  magnetized  or 
remanent  state  material,  such  as  those  used  In  ferrite  digital  phase  shifters,  the 
Landau-  Lif  shit*  permeability  tensor  is  not  an  accurate  representation  of  its  magnetic 
properties  and  a  more  general  representation,  based  on  a  generalized  physical  model 
of  the  ferrite,  murt  be  derived. 


4  B,  Lux  and  K.  J.  Button,  Ibid,  P 164. 
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3,2,1  Microwave  Magnetic  Properties  of  Partially  Magnetized  Ferritee 


The  representation  of  the  microwave  magnetic  properties,  particularly  of 
magnetic  losses,  in  partially  magnetized  ferrites  is  complicated  by  the  existence  of 
a  multiplicity  of  magnetic  domains  of  various  shapes  and  orientations.  It  has  been 
suggested  by  Ince  and  Stem  ’  and  others  that  the  remanent  state  ferrites  in  digital 
phase  shifters  can  be  treated  as  though  the  ferrite  is  magnetically  saturated  with  an 
equivalent  saturation  magnetization  equal  to  the  actual  remanence  magnetization,  so 
far  as  phase  shift  is  concerned,  and  totally  unmagnetized  so  far  as  losses  are  con¬ 
cerned.  Magnetic  losses  are  then  represented  by  the  artifice  of  a  magnetic  loss  tan¬ 
gent  (tan 6=  ft)  in  analogy  with  the  lossy  initial  permeability  of  unmagnetized  samples. 
This  characterization  suffers  from  the  fact  that  it  obscures  the  relation  of  the  mag¬ 
netic  losses  to  the  intrinsic  parameters  of  the  ferrite.  Magnetic  loss  tangents  of 
remanent  state  ferrite  toroids  are  not  intrinsic  parameters  of  the  material.  The 
measured  value  of  loss  tangent  varies  with  the  manner  m  which  it  is  measured,  the 
frequency  of  the  measurement,  an  so  forth.  Thus,  in  onier  for  a  magnetic  loss 
ta“8*nt  characterization  of  the  losses  in  a  device  to  be  truly  meaningful,  the  measure¬ 
ment  frequency  and  the  geometry  of  the  test  configuration  (i.  e. ,  the  manner  in  which 

the  rf  field  couples  to  the  magnetic  moments  of  the  ferrite)  must  be  the  same  as  those 
of  the  operational  device. 


Another  issue  arising  in  the  characterization  of  remanent  state  ferrite  toroids 
is  the  question  of  the  value  of  the  effective  internal  bias  field  Hj  of  the  material. 
Because  there  is  no  externally  applied  bias  field,  a  possible  starting  point  is  to  assume 
that  Kt  is  zero.  This  is  in  fact  the  procedure  followed  by  most  other  investigators. 
However,  inasmuch  as  a  resonance  type  of  loss  has  been  experimentally  observed  in 
remanent  state  toroids,  it  appears  that  the  effective  internal  bias  field  is  not  zero, 

and  this  fact  muet  be  taken  into  account  in  any  accurate  model  for  partially  magnetized 
materials. 


5  W.  J.  Mce  and  E.  Stern,  "Non-Reciprocal  Remanence  Phase  Shifters  in  Rectangular 
Waveguide,"  IEEE  International  Convention  Record,  Part  5,  p.  33,  1966. 

on  "Advanced  Ferrimagnetic  Materials  Applied  To  Digital  Phase 
,  Sperry  Microwave  Electronics  Company,  Report  on  ARPA  Order  Nn  san 

PP  13o“l 6Q*e  Kt>  4730'  RADC  C°ntract  No  af-3°(602)3490,  January  1966, 


Because  of  the  inherent  disavantages  of  available  characterisations  of  the 
microwave  magnetic  properties  of  remanent  state  ferrites,  a  strong  effort  has  been 
mads  to  develop  a  model  which  accounts  for  observed  phenomena  and  which  can  be  * 
need  for  accurate  prediction  of  phase  and  loss  characteristics  in  ferrite  devices  such 
as  the  digital  phase  shifter.  In  the  "new"  model  for  remanent  state  or  partially  mag¬ 
netized  ferrites .  magnetic  losses  are  accounted  for  via  an  intrinsic  resonance  line- 
width  and  the  effects  of  s  nonzero  effective  internal  field  are  included.  This  model, 
to  be  described  below,  appears  to  account  rather  completely  for  the  observed  loss 
and  phase  properties  of  remanent  state,  ferrite  toroids. 

,  Tbs  physical  "picture"  on  which  the  new  model  la  based  is  as  follows.  A 
saturated  ferrite  sample  In  composed  of  a  single  magnetic  domain,  i.  e. ,  all  the 
microscopic  moments  in  the  material  are  ^ligned.  However,  in  a  remanent  state  or 
partially  magnetised  material,  the  microscopic  magnetic  momenta  are  no  longer  all 
inprf.  Instead,  the  sample  will  be  composed  of  a  number  of  magnetic  domains,  each 
of  which  is  completely  saturated  (i.e.  the  moments  are  all  aligned),  but  with  the 
moments  in  various  domains  oriented  in  different  directions.  Each  domain  has  as¬ 
sociated  with  it  an  effective  bias  field  which  arises  from  magnetocrystalline  anisotropy 
effects  and  from  demagnetizing  fields  that  result  from  the  rf  demagnetizing  factors 
associated  with  the  particular  domain  shape  and  environment  (i.  e.  similar  to  the 
Polder  -  Smit  argument).  The  effective  field  of  each  domain  may  be  different,  and  as 
a  consequence  in  each  domain  the  magnetization  will  exhibit  processional  resonance  at 
a  characteristic  frequency  determined  by  the  anisotropy  field  and  the  particular  de- 
magnetix'  £  field  of  the  domain.  In  general  then,  a  spatial  averaging  process  must  be 
carried  out  to  mathematically  relate  the  net  rf  magnetization  to  the  rf  magnetic  field, 
and  it  Is  apparent  that  the  domain  structure  will  exert  an  appreciable  influence  on  the 

macroscopic  properties  of  the  material. 

The  permeability  tensor  for  partially  magnetized  ferrites  can  be  obtained  by 

an  of  a  concept  suggested  by  Rado,'  who  made  an  extensive  qualitative 

examination  of  arbitrarily  magnetized  ferrite  media.  In  such  media  the  intrinsic  tensor 
relationship  may  be  written  in  the  form 

7  D.  Folder" and  J.  Smit,  "Resonance  Phenomena  in  Fer rives,"  Rev.  Modern  Physics. 
26, 89(1953). 

•  G.  T.  Rado,  "On  the  Electromagnetic  Characterization  of  Ferromagnetic  Media: 
Perm'  ability  Tensors  and  Spin  Wave  Equations,  "IRE  Trans,  on  Ant.  and  Prop. , 
vol.  AP-4,  p.612  (1956). 
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W  ere  ^>and  <h>are  the  spatial  enrage,  of  the  time-varying  components  of 
the  magnetic  Induction  and  the  magnetic  field  intenaltjr.  The  <«.->  are  effective 
1  rmeabillty  components  averaged  over  several  domains  and,  as  such,  are 
directly  measurable  quantities.  Under  the  assumptions  of  Rado's  theory,  the 
relation  between  the  macroscopic  "point"  field  quantities  t  and  K  (not  average) 

I.  given  by  a  spin  wave  equation  at  point,  within  the  domain  walls  and  by  a  ten¬ 
et  inside  the  domain.,  but  the  experimentally  Important  relation  between  the 
a  rage  quantities  <8>and  <ffi>i.  given  by  a  tensor  everywhere.  Relating  ^ 

to  the  measurable  Intrinsic  magnetic  properties  of  the  ferrite  Is,  In  general 
exceedingly  difficult. 

As  suggested  by  Rado,  the  relations  between  the  effective  rf 
fields  <B>  and  <K>  can  sometimes  be  obtained  by  performing  spatial  averages 
on  the  relation^  between  the  "point"  rf  field,  b  and  t  of  an  appropriate  satu¬ 
rated  media  problem.  With  this  In  mind  the  relationships  between  b  and  h  for 
a  ferrite  sample  consisting  of  a  single  domain  magnetized  by  an  applied  magnetic 
field  Win  now  be  considered.  The  saturation  magnetization  M,  of  the 

and  the  net  effective  magnetic  field  if,  are  assumed  to  be  oriented  In  different 
directions  as  shown  in  Figure  3. 


The  following  deration  closely  follows  that  of  J.  L.  Allen  as  given  in 
The  Analysis  of  Ferrite  Phase  Shifters  Including  the  Effects  of  Losses  « 
i  n.  D.  Dissertation,  Georgia  Institute  of  Technology,  May,  1966. 


Figure  3.  Relative  Directions  of  the  Saturation  Magnetization 
and  of  the  Net  Effective  Static  Magnetic  Field 
Acting  on  a  Single  Domain 


The  equation  of  motion  for  the  macroscopic  magnetization,  including  losses 
via  the  Landau- Lifshitz  damping  term,  is 


jr  -  %<«*«,  --fi- f 


where  R?  =  M  +  H  =  H  +  Ue^ 

®  1 

“  |Bj  jT*sindcos0  +  J* sin$8in0  +  K*cosf  =  saturation  magnetization 

h  =  ih  +7h  +  *h  =  rf  magnetic  field 
x  y  z 

m  =  Hn  +  jin  +  lem  =  rf  magnetization 
x  y  z 

2  1 

ye  "  y^  +€s  >*  a  "  75T  >  T“  damping  time-constant 

Hj  =  THx  +7H^  +  =  net  effective  field  acting  on  a  single  domain 

"  |Hi|  | 4  sin  ®  008  A  +  J*sin  B  sin  A  +  Jccob  B  J 


Expanding  Equation  2 ,  equating  coefficients  of  and  after  considerable 
algebra  the  following  small  signal  permeability  is  obtained. 
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If  9  and  B  are  both  zero,  corresponding  to  a  saturated  media  with  saturation 
magnetization  and  bias  field  oriented  in  the  same  direction,  the  permeability 
given  in  Equation  4  reduces  to  the  familar  Landau- Lifshitz  form. 

Ab  previously  noted,  an  un saturated  material  is  composed  of  many  do¬ 
mains  with  the  magnetizations  of  the  individual  domains  oriented  at  different 
angles  (9- B,  0-A)  relative  to  the  effective  internal  magnetic  field  flj.  The  re¬ 
sult  of  Equation  4  can  be  extended  so  that  it  applies  in  unsaturated  media  if 
spatial  averages  which  extend  over  several  domains  can  be  performed.  Since 
the  distributions  of  the  magnetizations  of  the  domains  as  functions  of  4  and  9 
and  of  the  ff^’s  as  functions  of  B  and  A  are  not  always  known,  the  averaging  can¬ 
not,  in  general,  be  carried  out  explicitly.  However,  observing  that,  in  most 
cases  of  practical  interest,  there  exists  a  physically  preferred  direction  for 
the  magnetization  and  the  effective  static  magnetic  field  often  permits  the 
averaging  with  respect  to  angles  in  the  plane  perpendicular  to  the  preferred 
direction  to  be  performed  explicitly.  The  physically  preferred  direction  of  mag¬ 
netization  may  arise  in  various  ways.  For  instance,  if  we  apply  even  a  very 
small  do  bias  field  to  the  sample,  a  preferred  direction  of  magnetization  s*  es¬ 
tablished  in  the  direction  of  the  applied  field.  Alternatively,  if  we  arrange  the 
ferrite  so  that  it  forms  a  closed  magnetic  path,  such  as  the  toroids  in  the  latch¬ 
ing  phase  shifters,  the  geometry  of  the  sample  establishes  preferred  magnetiza¬ 
tion  directions.  Assume,  then,  that  the  preferred  magnetization  direction  is  the 
+z  direction  and  that  this  is  also  the  preferred  direction  for  the  H^s.  For  this 
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situation,  all  values  of  #  and  of  A  between  0  and  2rr  are  equally  likely.  If  it  is 
tinned  thatjS  J  iadjfxj  have  the  same  value  for  all  of  the  "several  domains" 
over  which  the  spatial  averaging  is  to  be  perforated  and  that  the  angles  between 
the  I::va  and  the  a -axis  are  small,  the  tensor  permeability  of  Equation  3  after 
averaging  with  respect  to  4  and  A  becomes 
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ft  is  now  convenient  to  change  notation  and  write 
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<J1  > 
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V 
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wot  sin  0 
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with  rstfpect  to  0  and  B,  it  is  neces&ary  to  know  the  distribution  cA  these 
angles  as  functions  of  the  other  parameters  of  the  problem  (e.  g. ,  as  a 
function  of  the  applied  bias  field). 

For  the  case  la  which  the  angle  between  h  and  the  z-axic  in  small,  the 
permeability  components,  as  given  in  Equation  7  .  are  functions  of  B  alone. 

Evan  In  this  esse,  His  average  with  respect  to  B  cannot  be  performed  explicitly 
without  nnatfic  assumptions  about  the  distributions  of  B  as  a  function  of 

tbs  applied  Mas  field.  However,  because  the  average  with  respect  to  B  is  in¬ 
timately  related  to  measurable  physical  quantities,  a  very  useful  form  of  the 
permeability  tensor  for  un saturated  media  can  he  obtained  as  follows.  Write 
the  average  of  the  permeability  components  given  in  Equation  7  with  the  opera¬ 
tor  <  >  donating  spatial  average  with  respect  to  B  .  Collecting  terms  and 
0 

rasogalslag  their  physical  significance  leads  to  the  desired  permeability  compo¬ 
nents.  Writing  cut  the  average  with  respect  to  B ,  the  following  expression  t  3 

c 

are  obtained  '  ro 
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Where  it  has  been  recognized  that  the  second  term  pf  A  is  very  small  compared 
to  the  first  term  for  parameter  values  corresponding  to  the  normal  operating 

range  of  phase  shifters  so  that  d  2  +  ( y  |hJ)2  - 

In  the  permeability  components  of  Equations,  terms  of  the 
form  |Ms|  <cos#>0,  jltfj  <cos2^>^  ,  and  JmJ  <cos30^  are  observed  to 
/  occi  r.  The  first  term,  JmJ  <  cos  is  physically  just  the  remanent  mag¬ 
netization,  M^,  in  the  z -direction.  The  second  and  third  terms  can  be  re¬ 
lated  to  the  remanence  ratio,  R  ,  which  is  defined  by 
M 

“  <eos  O>0  .  If  is  to  be  greater  than  zero,  the  distribution 

of  the  magnetizations  of  the  domains  with  respect  to  &  must  be  "peaked"  in  the 
first  quadrant  so  that  <  cos  $X>0.  If  this  is  true,  it  is  easily  shown  that 

N<00,2#>«  2  Is.!  j<C0B«>«r  "  jaj  < 

and 

.  (flj  <oo.3«>#  <  |aj  <«■«>,  -  |aj  Rr. 

The  saturation  magnetization  |flt  J  and  the  reman eist  magnetisation  can 
be  measured  by  independent  methods.  The  damping  ocnctent  a  {or  AH) 

can  be  determined  from  other  measurements.  The  quantities  <cos2fc>>„ 

3  2  3  '  'v 

and  <cos  Q>  can  be  ajsproxi  mated  by  It  ami  21  ,  respectively,  where  R 
”  i!*  r  t 
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!•  the  measured  ratio  of  remansnce  magnetisation  to  saturation  magnetization. 

Stooe  uth*  rnicrowave  radian  fiaquency,  will  be  known,  this  leaves  rndy  |Hr  as  an 


t  itTwm  factor  to  Equation  8.  |  H.  \  can  often  be  estimated  by  using  Kittels  equation 


to  compute  an  effective  field  for  an  "average"  or  "major",  domain.  The  demagnetizing 
factors  for  the  "average"  domain  can  often  be  estimated  from  the  geometry  of  the 

i 

•ample. 


It  is  significant  that  the  real  and  imaginary  parts  of  the  permeability  com- 
pabents  depend  to  different  ways  upon  <  cos  Q>q  ,  <cos20>0  .  and  <cos  6>$  . 

The  following  special  case  vividly  displays  these  differences.  Suppose  that  |  hJ  =  0 


to  Equation  8.  The  permeability  components  then  become 
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where 


PJ  <cos  0  ^  «  remanent  magnetization  - 


<cos  6>q  •=  remanent  ratio  s  Rr 
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Therefore,  *  |MJ  <  1  +  ooe2»>#  =  ML  >  |  jM^j  a  ♦  R2 
Similarly,  jlCT  |  <  1  -  co,2  6  >9  =  (Mj  {  1  -  <  Ms2«  >} 

S  R|(*  -  [<«••>,]*)  «  (S.|<1  i  ml 

<  |MJ  (l  -  Rf).  Thus  the  magnetization  enters  the  real  and  Imaginary  parte 
of  the  Permeability  components  In  different  manners.  The  appropriate  effee- 
uve  magnetization  to  use  in  the  real  (phase  shift)  part  is  the  remanent  magneti¬ 
zation,  Mr,  while  the  proper  effective  magnetization  to  use  in  the  imaginary 
(loss)  parts  is  ML  for  the  xy-crmponents  and  MT  for  the  z-component.  The 


bounds  on  the  M  's  are 

JL 


f  |M,|  <i*n2>  <  s  p  , 

xy  '  1 

0  ^  Mt  S  jss  I  (i  -  r5 

^  I  Cl  T 


The  magnetic  losses  represented  by  tie  imaginary  parts  of  the  permea¬ 
bility  components  of  Equation  8  physicaUy  represent  the  spatial  averages  of 
losses  due  to  damping  of  the  processional  motion  of  the  magnetization  within 
the  individual  domains.  The  effective  static  magnetic  field  Hj  is  to  be  inter¬ 
preted  as  an  effective  internal  field  which  includes  anisotropy  and  demagnetiz¬ 
ing  effects.  With  this  interpretation,  the  high-frequency  portion  of  the  "low- 
field”  lossas  are  accounted  for  directly  by  the  model.  The  model  does  not 
include  domain-wall  losses.  However,  in  high-density,  unstressed  ferrites 
domain-wall  losses  are  usually  confined  to  the  frequency  region  below  100  Mc’° 
and  will,  therefore,  not  be  important  in  predicting  losses  at  microwave  fre¬ 
quencies. 

9  Ibid,  P<46 
10 Ibid,  P541 


The  mathematical  model,  which  has  been  described  above,  for  the  proper¬ 
ties  of  remanent  state  or  partially  magnetized  ferrites  has  been  utilized  in  the  solution 
of  the  boundary  value  problems  for  several  FDPS  configurations.  The  results  of  these 
computations,  together  with  comparison  with  experimental  data,  are  given  in  Section 
4.  8.  Very  good  correlation  of  experimental  and  analytical  results  is  obtained  leading 
to  considerable  confidence  in  the  above  model. 

3.2.2  High  Power  Characteristics  of  Parti  ill  v  Magnetized  Ferrites 

Performance  characteristics  of  ferrite  phase  shifters  normally  deteriorate 
hs  either  the  rf  average  power  or  peak  power  level  is  increased  to  high  values.  De¬ 
gradation  of  performance  characteristics  at  high  average  power  levels  is  due  pri¬ 
marily  to  heating  effects  and  may  be  controlled  to  some  extent  by  designing  the  device 
structures  to  promote  efficient  removal  of  heat  from  the  ferrite  and/or  utilizing 
ferrites  having  temperature  stable  properties. 

As  the  peak  rf  input  power  to  a  ferrite  device  is  increased,  a  threshold  power 
level  will  be  reached  beyond  which  the  insertion  less  will  increase  appreciably  due  to 
inherent  nonlinearities  of  the  system  of  processing  dipole  moments.  The  peak  power 
capacity  of  FDPS  depends  both  on  the  intrinsic  threshold  or  ciitical  field  (h^^)  of  the 
ferrite  and  on  the  dimensional  and  electromagnetic  parameters  of  the  device  structure 
through  their  Influence  on  the  actual  rf  magnetic  field  intensity  that  will  exist  in  the 
ferrite  for  a  given  input  power  level.  The  nonlinear  or  high  power  effects  in  saturated 
ferrites  has  been  reasonably  well  explained  in  terms  of  spinwave  interactions."  There 
has,  however,  been  some  question  as  to  the  role  of  spinwave  interactions  in  nonlinear 
phenomena  in  remanent  state  materials. 

The  domain  model,  which  was  used  in  Section  3. 2. 1  to  obtain  a  mathematical 
representation  of  the  low  power  properties  of  partially  magnetized  materials,  offers 
a  means  by  which  high  power  phenomena  in  remanent  state  materials  can  be  interpreted 
in  terms  of  the  theory  developed  for  saturated  materials.  A  partially  magnetized 
ferrite  sample,  such  as  the  "latched"  toroid  in  a  FDPS,  is  made  up  of  a  number  of 
domains  of  various  shapes ,  sizes,  and  orientations.  The  magnetic  moments  within 
each  domain  are  all,  of  course,  aligned  (i.e. ,  a  domain  is,  by  definition,  a  saturated 
region).  When  an  rf  field  is  applied  to  a  partially  magnetized  sample,  the  magnetic 
"Ibid,  page  206 
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or  4  on.? 


momenta  of  each  domain  "see"  an  effective  field  determined  by  magnetocryetaUine 
anisotropy  and  the  rf  demagnetizing  factors  of  the  domain.  Each  saturated  region 

of  domain  may  thus  experience  an  effective  bias  field  different  from  that  of  all  other 
domains.  The  rf  magnetic  field  intensity  (h^),  for  which  the  precession  of  the 
magnetic  spin  system  first  becomes  unstable,  is  a  function  of  intrinsic  ferrite  pro¬ 
perties  (saturation  magnetization,  spinwave  linewidth,  etc, ),  operating  frequency  M 
and  the  effective  internal  bias  field  (H,).  When  the  maximum  rf  magnetic  field  intensity 
in  a  domain  exceed,  h^  for  that  domain,  the  spin  system  becomes  unstable  and  non¬ 
linear  effects  contribute  to  the  losses.  Therefore,  for  a  given  ferrite  at  a  specified 
frequency,  the  domain  or  domains  biased  most  unfavorably  will  go  unstable  first. 

From  the  nonlinear  theory  for  saturated  samples,  it  is  well  known  that  high 
power  effects  in  ferrites  arise  from  the  unstable  buildup  of  oscillations  of  pairs  of 
spin  raves  whose  frequencies  are  either  degenerate  with  the  microwave  signal  frequency 
or  equal  to  one-half  the  operating  frequency.  The  half-frequency  spinwaves  are  more 
clorely  coupled  to  the  uniform  precession  of  the  magnetization  than  are  the  degenerate 
jplnwaves.  .'hue,  the  diversion  of  energy  from  the  uniform  precession  to  half-fre¬ 
quency  spinwaves  is  known  as  a  first  order  process,  while  the  coupling  to  degenerate 
spinwaves  is  referred  to  as  second  order. 

The  second  order  nonlinear  process,  when  it  takes  place,  results  in  a  saturation 
of  the  main  resonance  absorption  line.  The  minimum  threshold  field  for  the  second 
order  process  occurs  when  the  material  is  biased  to  resonance.  For  lower  or  higher 
bius  fields,  the  threshold  field  for  this  process  is  quite  high. 

The  first  order  nonlinear  process  may  occur  when  the  material  is  biased  to 
resonance,  or  it  may  be  observed  as  an  anomalous  absorption  at  bias  field  values  be- 
low  that  required  for  resonance.  Effective  bias  field  values  in  the  remanent  state 
toroids  used  in  FDPS  are  normally  well  below  the  field  required  for  resonance.  For 
this  case,  the  threshold  field  for  the  first  order  process  is  appreciably  lower  than 
that  for  the  second  order  process.  Therefore,  the  first  order  process,  in  which 
energy  is  transferred  from  the  uniform  precession  to  half-frequency  spinwaves,  is 

the  nonlinear  process  that  limits  the  high  peak  power  performance  of  digital  phase 
shifters. 
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^vtfhoid  field  hcrtt  can  be  obtained  fron  an  examination  of  the  spinwave  dispersion 
relationship.  Figure  4  illustrates  the  spinwave  dispersion  curve  in  traditional  manner. 
The  abscissa  is  the  spinwave  number,  k  «  2  Jr/A ,  where  Ais  the  spinwave  wavelength. 

’  he  ordinate  is  frequency.  The  upper  curve  is  for  spinwaves  propagating  perpendicular 
to  the  magnetization  and  the  lower  curve  for  spin  waves  propagating  parallel  to  the 
■jti  itl ,  magneti cation.  Ihe  position  of  the  spinwave  manifold  relative  to  the  microwave 
signal  frequency  wean  be  adjusted  by  varying  the  saturation  magnetization  of  the 
ferrite  or  its  effective  bias  Held.  If  the  position  of  the  SDinwave  manifold  in  moh  that 


Figure  4.  Conventional  Spinwave  Manifold  Showing  the  Dependence  of  Avail¬ 
ability  Spinwave  Numbers  (k)  on  Operating  Frequency  (w) 

are  are,  however,  discrete  "Walker"  modes'0  with  very  low  k  numbers  which  have 
frequencies  somewhat  less  than  w  . 


uniform  precession  by  the  various  spinwaves  depends  upon  the  wave  number  k  of  the 
spinwaves  to  which  energy  is  being  transformed.  Thus,  the  spinwave  linewidth  is  a 
function  of  k. 


a  appears  mat  me  dependence  of  dHk  on  k  is  4HR  =  A  +  B  k  where  A  and  B 
are  intrinsic  material  parameters.'  The  parameter  A  is  the  spinwave  linewidth  for 
k  =  0  modes.  The  magnitude  of  A  depends  heavily  upon  material  composition.  For 
polycrystalline  YIG,  A  is  of  the  order  of  five  oersteds.  Materials  doped  with  fast  re¬ 
laxing  ions,  such  as  the  rare  earths  Dy,  Ho,  Yb,  etc. ,  have  much  larger  A's.  Four 
percent  Dy  doped  YIG  for  example,  has  an  A  value  of  about  150  oersteds.  The  Bk2 
terai  in  the  dH^  expression  does  not  appear  to  depend  upon  composition.  That  is, 

Bk  for  YIG  seem^  to  be  about  the  same  as  Bk2  for  a  heavily  rare  earth  doped  materic 
Therefore,  the  Bk  factor  is  much  more  important  in  determining  the  magnitude  of 
dH  foi  materials  such  as  YIG  than  for  rare  earth  L _ 


where  and  F(H,  is  a  function  of  bias  field  and  spinwave  propagation 

direction  ^as  appropriate  for  the  pumping  arrangement  under  consideration.  Direct 
control  of  h^^  for  both  normal  and  parallel  pumping  at  a  given  frequency  can  thus  be 
obtained  by  variation  of  4Hfc  (such  as  by  rare  earth  doping  of  garnets)  or  by  variation 

IJ  E-  Scholomann,  J.  J.  Green,  U.  Milano,  JAP,  Supp.ToVolSl.  No.  5,  May  1080,  P3685. 


°f  to^jto  (for  example,  by  aluminum  doping  of  garnets).  The  damping  of  the  various 
fpinwavei  depends  upon  their  wave  numbers  k  with  the  shorter  wavelength  modes 
being  mire  heavily  damped. 

A  verj  dramatic  and  abrupt  change  in  the  threshold  field  for  both  normal  anri 

t '  >  * 

parallel  pumping  occurs  when  the  spinwave  manifold  is  positioned  so  that  U  =  <*>/2  is 

i  ^  k 

greater  than  41 .  in  this  situation  the  only  half -frequency  spinwaves  available  are  those 
,  •  *  o 

with  very  large  k  values.  Thus,  since  dH  =  A  +  Bk  ,  AH  ,  and  hence  h  .  increases 

k  k  crit 

abruptly  as  low  k  half-frequency  spinwaves  become  unavailable.  This  effect  will  be 
moat  marked  for  materials  having  low  A  values  (e.  g. ,  pure  YIG)  and  will  be  less 
important  as  rare  earth  doping  is  increased  to  provide  very  large  values  of  AH  I 


From  the  above  discussion  some  interesting  observations  can  be  made  about 

the  values  to  be  expected  from  measurements  of  the  apparent  critical  field,  h  for 

crit 

FDPS.  A  variety  of  domains,  each  having  a  different  effective  bias  field,  exist  in  a 

remanent  state  toroid  (or  any  other  partially  magnetized  sample).  The  measurement 

of  the  high  power  threshold  for  a  phase  shifter  consists  simply  of  detecting  the  rf  peak 

power  level  at  which  the  device  insertion  loss  first  increases  from  its  low  power  level. 

This  effect  will  take  place  at  the  power  level  for  which  the  precession  of  the  magnetic 

moments  in  the  most  unfavorably  biased  domain  first  goes  unstable.  To  obtain  higher 

threshold  powers  in  FDPS,  it  is  therefore  necessary  to  increase  the  threshold  field 

of  the  most  unfavorable  domains.  Doping  with  rare  earths  accomplishes  this  feat  by 

increasing  the  AH^  of  all  domains,  including  the  most  unfavorable,  and  the  observed 

threshold  power  level  naturally  increases.  Decreasing  6)  /to  likewise  increases  the 

m 

h  of  each  domain  somewhat.  As  (o  Ao  decreased,  the  effective  bias  field 
crit  m 

(arising  from  demagnetization  effects)  for  each  domain  also  decreases.  The  most 

dramatic  influence  on  the  threshold  field  from  variation  in  to  /to  occurs  when  to  /to 

m  m 

is  decreased  to  the  point  where  the  effective  bias  field  of  every  domain  is  such  that 

there  are  no  low  k,  to/ 2  spinwaves  available,  i.  e. ,  where  the  relative  position  of  the 

spinwave  manifold  is  such  that  to/ 2  >w.  At  this  value  of  to  Ao  a  very  abrupt  increase 

t  m 

in  hc^  occurs.  The  value  of  o^^for  which  all  domains  are  biased  so  that  ^/2  >  to 
can  be  estimated  as  follows. 


The  meet  unfavorable  Waning  of  a  domain  that  la  possible.  occurs  for  the 
Polder~Sn.lt  (anti-parallel)  domains.  For  these  domains  H  is  approximate* 

'  Ms  +  4r™s) ' °r  11  M  la  negligible  with  respect  to  4 JTM  .then  H  smttm 

8  8  i  | 

Inserting  this  value  of  H,  Into  the  equation  for  the  upper  frequency  Un.lt  of  the  splnw 
manifold  and  equating  that  frequency  to  <0/2,  «  ,s  easily  shown  that  when  <o  ^  >0 

18  8umclenay  8D,aU  10  V*™"*  only  k.  <0/2  splnwave  will  be  avails 

This  situation  Is  illustrated  In  the  normalised  splnwave  dispersion  plot  for 
Polder-Smit  domains  shown  in  Figure  5. 


Figure  5.  Normalized  Spinwave  Dispersion 
(Polder-Smit  Domains) 


Curve  Assuming  H  =  47TM 


Figure  6  prated*  *  pictorial  summary  of  the  various  conditions  which  can 
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Figure  6.  Threshold  Field  of  Polder-Smit  Domains  as  a  Function  of 
Normalised  Magnetization 


3.2.3  Dielectric  *«d  Geometrical  Characteristics  of  FDPS 

TKa  macroscopic  electromagnetic  properties,  including  the  effects  of  loss«« 
of  dielectric  materials  is  the  phase  shifters  are  accounted  for  in  the  usual  manner  by 
a  complex  permittivity  «d  =  <Q(  -  J  dp  and  by  a  permeabiUty  =  HQ  where  £o 

and  ft  are  the  permittivity  and  permeability  of  free  space.  Similarly,  the  dielectric 
properties  of  the  ferrite  are  accounted  for  by  the  complex  permittivity  €^= 


For  the  purpose  of  analysis,  it  is  usuauy  convt  «  - 

consider  a  model  which  is  geometrically  less  complicated  than  the  physical  device. 
Aa  an  example,  refer  to  Figure  7  which  illustrates  a  cross-section  of  the  single-  U 
FDPS  shown  in  Figure  2.  In  the  normal  operational  mode  of  this  phase  snifter  (i.  e 
the  fundamental  TE  mode),  the  rf  magnetic  field  is  entirely  in  the  xy-plane. 
magnetization  in  the  top  and  bottom  "crossbars”  of  the  toroids  is  principally  in  the 
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Figure  7.  A  Waveguide  Nonreciprocal 
Latching  Phase  Shifter 


e  vertical  legs  the  magnetization  tends  to  be  in  the  ±  z  direction, 
incident  rf  magnetic  field  and  the  direction  of  magnetization 
parallel,  there  is  no  interaction  between  the  field  and  the 
e,  the  crossbars  of  the  toroid  'look"  approximately  like 
!  incident  rf  field.  In  the  vertical  legs  the  magnetization  is 
:  field  and  a  strong  interaction  takes  place. 

observations,  it  is  apparent  that  the  single-toroid  latching 
esented  by  the  twin  slab  model  shown  in  Figure  8.  When  the 
rrite  to  d  of  the  practical  device  have  the  same  dielectric 
eourso,  used  for  the  dielectric  constant  of  the  dielectric 
dielectric  constants  of  the  dielectric  core  and  the  ferrite  are 
lelectric  constant  is  used  for  the  dielectric  load  of  the  model, 
her  configurations  are  obtained  in  a  similar  fashion. 


Figure  8.  Twin-Slab  Model  for  "Single-Toroid" 
Ferrite  Latching  Phase  Shifter 
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3.3  ANALYSIS  TECHNIQUES 


To  establish  quantitative  relationships  between  the  transfer  characteristics 
of  a  ferrite  device  and  its  Date  rial  and  dimensional  parameters,  it  is  necessary  to 
solve  the  boundary  value  problem  for  the  device  structure.  The  general  procedure  is 
to  solve  Maxwell's  equations  in  an  appropriate  coordinate  system  and  apply  the  perti¬ 
nent  boundary  conditions.  The  resulting  equations  can  be  manipulated  to  yield  an 
equation  which  can  be  numerically  solved  for  the  propagation  constant.  For  many 

transmission  structures  it  is  possible  to  derive  the  characteristic  equation  for  the 

12 

propagation  constant  by  a  simpler  procedure  which  was  suggested  by  Seidel  and  is 
referred  to  as  the  "transverse  operator"  method.  Seidel’s  procedure  is  closely  re¬ 
lated  to  the  familiar  ABCD  matrix  formulation  for  transmission  line  circuits.  The 
transverse  operator  technique  is  baoed  on  the  fact  that  in  a  TE  mode  waveguide  where 
the  rf  Held  components  have  no  variation  in  the  direction  of  the  E  field,  the  electro¬ 
magnetic  field  is  completely  specified  by  the  £  field  and  the  longitudinal  h  component 
alone.  For  example,  the  electromagnetic  field  in  the  structure  of  Figure  9  has  com¬ 
ponents  E  ,  h^,  and  by  but  is  completely  specified  by  and  since  is  linearly 
related  to  h  through  the  divergence  condition  on  the  induction  field.  Both  E  and  h 
are  continuous  at  the  interfaces  of  the  strata  of  the  waveguide  cross  section.  Hence, 
in  analogy  with  the  ABCTi  matrix  representation  of  cascaded  transmission  lines,  a 
transverse  transverse  transfer  matrix  is  defined  which  "transfer"  the  quantities  E 

z 

and  h  froqn  one  point  along  a  transverse  axis  to  another. 
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The  overall  transverse  operator  matrix  relating  the  fields  at  point  a  to  the  fields  at 
point  b  is  the  matrix  product  of  the  transfer  operators  of  the  individual  regions  sepa¬ 
rating  the  point.  If  points  a  and  b  are  taken  to  be  the  walls  of  the  waveguide,  then 


=  E  =  0  and 
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nH.  Seidel,  "Ferrite  Slabs  in  Transverse  Electric  Mode  Wave  Guide, "  J.Appl.  Phys. , 
?8,  February  1957. 
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Figure  9.  A  Ferrite  Loaded  Rectangular 
Waveguide 


or  a  nontrivial  solution  hyfe  must  be  nonzero.  Therefore,  B  must  be  zero, 
From  this  condition  the  equation  for  the  propagation  constant  is  easily  determined. 

If  the  structure  analyzed  has  electromagnetic  symmetry  about  some  point,  for  exam* 
point  o  is  such  a  point  in  the  structure  of  Figure  10  ;  the  y-component  of  the  h  field 
must  be  zero  about  that  point  and  a  simplification  in  the  computations  is  necessary  tc 
obtain  the  propagation  equation  results.  The  operator  relating  the  fields  at  point  o 
to  those  at  the  wall  can  be  written  as 


Figure  10.  A  Structure  with  Electromagnetic  Symmetry  about  o 


The  ABCD  parameters  for  ferrite  and  dielectric  regions  are  easily  obtained 
from  Maxwell's  equations.  The  following  derivation  for  these  parameters  is  modeled 
after  that  ef  SeldeL,but  the  notation  is  somewhat  different 


Consider  a  TE  mode  waveguide  structure  such  as  that  shown  in  Figure  9. 
The  ferrite  slab  is  of  width  6  and  is  assumed  to  be  infinitely  long  in  the  y  direction. 
The  preferred  direction  for  the  effective  internal  static  magnetic  field  and  the 

saturation  magnetization  M  is  assumed  to  be  in  the  +z  direction.  The  intrinsic 

8 

permeability  tensor  then  has  the  general  form 


•J  <*'"> 


and  <u"  > 


•»d«' W<(t 

by  Equation  8  of  Section  3. 2. 1 
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Assume  a  general  form  for  the  electric  field  inside  the  ferrite,  say 


r  jk  x  -Jk  x*| 

Ez  =  |Be  ®  +  Ce  m  J  e‘yyeJa,t 


where 


„  9  u  H  €  e. 

,2  _  2  oof  ,  , 

Km  ~  '  +  p  s  square  of  the  wave  number  in  the  ferrite 


<U>B 


<M\\-  <*> 

avg  I  avg 


y  -  propagation  constant 


The  magnetic  field  itensity  in  the  y  direction  is 


»  -  T^~ 

y  j  w/j 


where 


e  = 

j<*> 

avg 


Using  Equations  16  and  17,  the  fields  at  point  one  (x  -  xJ)  and  at  point  two  (x  =  xJ  +  ft ) 
can  be  written  as 


Ezi  =  ** 


)kmXl  -J*<  * 
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Ce  ”1e‘WrJwt 
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yi  fuM 


{( )km  *e)  B*lk”Xl  +  (-}*'+$)  ce'Jkn,Xl|  ,-JV-* 

J  f>A 


V 

IHyUMMMMMiMHaHrai i  a— 


*  ■*#-  _  >.“> 


*  A 


'  :a 


K  ' 


P  r  y\  Jk  fc,  ♦  *) 

hy%  *  j^r[(>kB,  +  «)Be 


Referring  tc  Figure  9,  the  electric  I’ield  in  the  z-direction  and  the  magnetic  field  in  the 
y -direction  at  point  one  can  be  related  to  die  corresponding  fields  at  point  two  by  the 
transverse  operator  equation 

Fe_,1  Fa  b!  Fe  J 


C  D  I  I  h 


Expanding  Equation  22  yields  the  following  two  equations. 


E  .  »  AE  +  Bh  „ 
zl  z2  y2 


h,  ■  CE  +Dh  .  (24 

yl  z2  y2  v 

Substituting  Equations  18  through  21  into  Equations  23  and  24  allows  the  parameters 
A  BCD  to  be  evaluated.  These  parameters  for  a  ferrite  region  of  width  6  are 


A  =  cosk  #+-— 5-sink  0 

in  k  v  m 
m 

-J  Utt 

B  ■  7v~ “nkmi 


c  '  k®)“,lk», 


D  =•  cos  k_^  3  -  — 5- sin  k  6 

m 

If  the  Internal  effective  static  mage Stic  field  and  the  magnetization  reverse  in  direction, 
the  only  change  necessary  is  to  reverse  the  sign  of  9. 


,  i  * 


For  a  dielectric  region  o->  l  and  6—  *  *u 

*  h  i  ana  e  -  *  ,  so  that  the  parameters  for  a  die¬ 
lectric  region  of  width  W  can  be  written  as 
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d 


B  = 

C  = 
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(26) 


As  an  example  of  the  application  of  thi.  method,  consider  the  structure  ahown 
in  Figure  11  which  is  a  twin-slab  model  of  the  single  internal  toroid  FDPS  This 
structure  ’has  electromagnetic  symmetry  about  o.  The  overall  transfer  matrix  is 


|a  b 

u 

rAi  V 

'A2  V 

’a  b 

3  3 

1C  D. 

1 

£1  V 

"C2  V 

C3  D3- 

Figure  11.  Dielectric  Loaded  Twin-Slab  Structure 
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C«ryi  f  out  this  multiplication  and  setting  A  =  o  yields 
A  -  A,  (AsA3  +  BaCs»  +  B,  <C2A3  +  D2C3)  -  o 

adwUtutlnc  for  ft  >  A'.  B'o,  C'»,  aid  D'»  from  EquMlon.  26  and  26,  the  following 
equation  for  the  propagation  lor^tant  is  obtained 


[■?<k»  'kd)co!kn>  <x2  ‘  xi>  -  pg  <k,  + v]00*  {k,  »j  -  \  <*3  -  x2  )} 

-  ?>.-v]HkdVk.,x8-v} 

*[*■  jji  *  *2**]  Jl“  {kd  *1  *  ka  <x3  ■  *2  *}  (27 

*  ■^],",{kdXltk.<xS-x2>}  *  0 

where 


m  dlmeiuri01  1  end  material  parameters  of  the  structure  are  specified,  this  equation 
can  be  solved  numerically  for  the  propagation  constant  X  With  V  known,  the  rf  electric 
and  magnetic  fields  are  easily  obtained  from  Maxwell's  equations. 

A  presentation  and  discussion  of  the  solutions  of  the  propagation  constant 
j  ation  or  a  number  of  FDPS  configurations  are  givrn  in  Section  4. 5.  Good  corre¬ 
lation  Is  found  between  experimental  and  calculated  results,  leading  to  considerable 
ifidenos  in  the  mathematical  models  and  techniques  presented  in  the  above  sections. 
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3'4  ScSrr,C  AND  CERAMC  ON  SQUARE  LOOP 

The  relative  desirability  of  a  ferrite  material  for  use  in  a  digital  pmm.  shifter 
depends  strongly  on  the  materials'  ratio  of  remanent  magnetization  to  saturation  mag¬ 
netization,  its  coercive  field,  and  time  required  for  switching  it  from  one  remanent 
state  to  the  other.  In  general,  a  "good"  ferrite  for  digital  phase  shifter  application,  will 

have  a  high  remanence  ratio,  a  low  coercive  field,  and  a  small  switching  time.  Each  of 
these  properties  is  discussed  below. 

* 

3.4.1  Remanence  Ratio 

The  remanence  ratio  is  probably  the  single  most  important  square  loop  property 
as  far  as  microwave  applications  of  ferrite  toroids  is  concerned.  Ideally,  the  remanent 
magnetization  should  equal  the  saturation  magnetization,  i.e.,  the  remanence  ratio  R_ 

should  be  1.0.  This  ideal  situation  is  unlikely  to  be  attained  in  practice.  Pemanence 

ratios  of  0. 6  to  0.7  are  more  normally  encountered. 

In  a  polycrystalline  fer  rite  or  garnet  material,  the  magnetization  in  the  indivi¬ 
dual  crystallites  will,  due  to  crystalline  anisotropy,  prefer  to  be  aligned  along  the  easy 
Ul)  directions  of  the  crystallites.  L*  magnetocrystalline  anisotropy  were  the  only  factor 
influencing  the  magnetization  in  individual  crystallites,  the  remanence  ratio  for  a  cubic 
matertal  would  be  approximately  0.87  This  result  assumes  that  in  the  saturated  state 
the  magnetization  in  all  crystals  is  parallel  to  the  applied  field  and  relaxes  to  the  nearest 
easy  direction,  or  body  diagonal,  when  the  field  is  removed.  This  ideal  value  is  diffi¬ 
cult  to  realize  in  practice  because  of  unfavorable  contributions  from  other  anisotropies 
(stress  anisotropy  or  magnetostriction)  and  shape  anisotropy.  The  existence  in  poly¬ 
crystalline  materials  of  pores  or  voids,  in  the  material  also  gives  rise  to  local  demag¬ 
netizing  fields  which  will  lower  the  resultant  remanence  ratio.  Thus,  magnetocrystalline 
anisotrtpy  will  tend  to  favor  a  high  remanence  ratio  while  porosity  and  other  anisotropies 
tend  to  decrease  remanence  ratio.  If  the  magnetocrystalline  anisotropy  1,  Urge  com- 
pared  to  other  anisotropies  and  rr  magnetizing  fields  arising  at  magnetic  discontinuities 
n  the  materials,  the  remanence  ratio  can  approach  the  theoretical  limit  of  0. 87.  Thus 
highest  remanence  ratios  will  be  realized  in  materials  having  low  magneto-ricH,.,, ' 
low  unfavorable  Internal  stresses,  and  a  dense,  homogenous  magnetic  structure  with  a 
high  magnetocrystailine  anisotropy.  The  same  ceramic  qualities  that  lead  to  high  rema- 
nence  ratio  also  tend  to  lead  to  low  resonance  L  .iewidths. 

A  unidirectional  anlsotrops  favoring  high  remanence  ratio  can  sometimes  be  ‘ 
bum  into  a  material  by  controlling  Its  shape  and  internal  stresses.  Quenching,  lattice 
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«l  loriutloMi  applied  pressure,  etc. ,  are  techniques  sometimes  used.  Such  techniques, 
however,  do  not  seem  very  practical  for  microwave  materials  because  of  their  unfavor¬ 
able  effects  oa  mlercwave  properties. 

®  ^  device  applications,  most  microwave  materials  are  not  driven  into 

saturation  with  the  available  drive  fields  (approximately  29  oersteds  maximum).  The 
hysteresis  loop  on  which  operation  is  based  is  then  not  the,  saturated  loop,  but  rather 
*  *  minor  loop.  To  classify  and  optimise  materials,  it  is  necessary  to  measure  the 
absolute  value  of  the  remanent  magnetisation  at  the  d  lve  fields  normally  used  in  digital 
phase  shifters  in  order  that  such  measurements  have  practical  meaning.  It  is  desirable 
that  these  drive  fields  be  as  low  as  possible  consistent  with  a  realization  of  nearly  maxi¬ 
mum  values  of  remanence  ratio,  Rg.. 

The  following  procedures  are  used  to  measure  the  remanent  magnetization. 

1)  The  4/rMg  of  the  material  is  measured  by  some  independent  means,  such 
as  a  vibrating  sample  magnetometer,  in  applied  fields  of  the  order  of 

5j  000  oersteds. 

2)  The  hysteresis  loop  is  measured  on  a  hysteresograph.  The  drive  fields 
used  are,  whenever  possible,  10  times  the  coercive  field  of  the  materf-'’ , 
For  most  materials  the  remanent  magnetization  is  observed  to  change 
very  little  between  drive  fields  of  8  to  10  times  the  coercive  field  of  the 

material.  From  this  hysteresis  loop,  the  "squareness"  and  coercive 

4yr  Mnp. 

field  can  be  measured.  The  squareness  is  defined  as  Sr,  =  -y  ■ 

where  Sp  is  the  "squareness, "  4tt Mr.  ^  is  the  remanent  magnetization  for 

the  drive  field,  used  and  4ttM  is  the  magnetization  at  the  peak  of  the 

D 

drive  field.  The  measurement  of  4nMp  is  described  below. 

If  the  core  reverses  an  amount  of  flux  40  in  a  time  4t,  fhe  average  voltage  V 
produced  during  switching  is 

<V>  -  N  -if  (28) 

where  N  is  the  number  of  turns  threading  the  core.  If  A  is  the  cross-sectional  area  of 
the  legs  of  the  core  and  Bp  is  the  change  in  flux  density  at  the  drive  field  used 

40  ■  A4Bn  (29) 


4 Bp  -  4(47rMp) 
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for  the  low  drive  fields  used  for  toroidal  geometries.  Therefore 

A4  *  Ad  (4rrMn) 


(4?rMDi  -  (* 

Using  proper  integrating  circuits  and  known  values  of  A  and  N,  d  (4»rM^)  can 
sured  (see  Figure  12  for  interpretation  ofd  (4^).  it  is  recommended  that 
ion  samples  be  used  for  ease  in  the  measurement  and  use  of  <V>  dt. 

With  the  measured  value  of  "squareness”  and  4?^,  the  4rrMRJ)  can  be  com 
For  drive  fields  of  eight  to  ten  times  the  coercive  field  of  the  material 


for  most  materials.  The  remanence  ratio  of  the  material  is  then  computed  as 


\(4»rMn) 


HYSTERESIS  LOOP 


Figure  12.  Hysteresis  Lot?)  of  Ferrimagnetic  Materials 


3.4.2  Coercive  Force 


Th#  coercive  force  of  ferrite  materials  used  in  digital  phase  shifters  is  deter¬ 
mined  principally  by  the  ease  with  which  domain  walls  can  move  through  the  polycrys¬ 
talline  material.  At  the  drive  fields  encountered  in  digital  phase  shifters,  the  switching 
It  due  almost  entirely  to  domain  wall  motion,  and  thus  it  is  the  ease  with  which 
walls  can  be  nucleated  and  moved  through  the  material  that  determines  the  coer¬ 


cive  field. 

The  motion  of  a  domain  wall  through  a  magnetic  material  is  determined  by  a 
combination  of  both  intrinsic  and  ceramic  properties.  The  coercive  field  for  domain 
wall  motion  can  be  described  by  the  empirical  relation 
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where  (do)  is  the  fractional  volume  of  nonmagnetic  inclusions,  and  Hc  is  the  coercive 
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field  in  oersteds,  -rp  is  the  conventional  magnetocrystalline  anisotropy  field.  Experi- 

Mg 

mental  results  are  generally  found  to  be  in  reasonable  agreement  with  this  expression. 
Thus,  we  see  that  the  coercive  field  varies  directly  with  the  anisotropy  field, 


and  the  volume  of  nonmagnetic  inclusions  (pores,  impurities,  etc.).  Fo;  mini- 

mum  coercive  field,  a  maximum  density  and  a  minimum  anisotropy  field  are  desirable. 
Clearly,  optimum  square  loop  properties  (minimum  Hc  and  maximum  Rr)  place  c in¬ 
flicting  demands  on  the  magnetocrystalline  anlstropy.  A  minimum  ani  ropy  field  is 
desirable  for  a  small  coercive  field-  while  a  Urge  anisotropy  field  is  desirable  for  a 
large  remanence  ratio.  This  set  of  opposing  demands  normally  leads  to  an  observed 
decrease  in  remanence  ratio  when  very  small  coercive  fields  are  encountered.  However, 
coercive  fields  of  less  than  one  oersted  are  easily  obtainable  in  combination  with  rema¬ 
nence  ratios  of  approximately  0.7. 


3.4.3  Switching  Time 

The  switchirg  time  of  a  ferrite  toroid  is  essentially  the  sum  of  the  time  required 
to  nucleate  a  domain  wall  and  the  time  required  for  the  domain  wall  to  propagate  across 
the  width  of  the  toroid.  The  switching  and  dynamic  behavior  of  ferrimtgnetic  oxides  have 
been  treated  in  detail  in  two  summary  articles  on  this  subject.  These  articles  are  a 

follows: 
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(1)  J.  B.  Birks  and  J.  Hart,  Progress  in  Dielectrics,  Volume  5, 
Academic  Press,  Inc. ,  Publishers,  New  York-  1(563,  (H.  P. 
Peloschek;  "Square  Loop  Ferrites  and  their  Applications, " 
pp  37-93). 


(2)  Harvey  Rubinstein,  "Switching  Properties  of  Ferrites  and 
Garnets, "  Scientific  Report  No.  6  (iSeries  2),  Gordon  McKay 
Laboratory  of  Applied  Science,  Harvard  University,  Cambridge, 
Mass.  (Nov.  30,  1962)  Cont.  No.  A  FI 9 (604) 5487,  AFCRL. 


These  articles  deal  with  all  of  the  possible  switching  mechanisms  and  analytical  expres¬ 
sions  which  describe  the  behavior  of  flux  reversal  in  ferrimagnetic  oxides.  The  high¬ 
lights  of  these  articles,  as  they  pertain  particularly  to  switching  aspects  of  materials 
used  in  ferrite  digital  phase  shifters,  have  been  discussed  in  considerable  detail  in  the 
Final  Report  on  RADC  Contract  No.  AF3Q(602)3490. 


Perhaps  it  can  suffice  here  to  mention  that  three  possible  mechanisms  for 
switching  are  possible.  One  is  called  pure  wall  displacement,  the  second,  incoherent 
rotations,  and  the  third,  coherent  rotations.  These  various  mechanisms  have  switch¬ 
ing  times  which  vary  between  the  longest  time  for  pure  wall  displacement  and  the  shortest 
time  for  coherent  rotations.  The  switching  fields  involved  vary  also,  being  smallest  for 
pure  wall  displacement  and  largest  for  coherent  rotations.  In  any  case,  the  switching 


time  can  be  given  by  the  expression  t  (H  -  H  )  =  S,  where  S  is  a  constant  for  the  material 

8  O 


at  a  given  temperature  and  is  called  the  switching  coefficient.  (H  -  Hq)  is  the  effective 


drive  field  where  H  is  the  applied  field  and  Hq  is  a  function  of  the  material  and  approxi¬ 


mately  equal  to  the  coercive  field. 


The  switching  coefficient  of  the  material  is  expressed  in  oersteds- microseconds 
and  varies  with  the  type  of  switching  mechanism  used.  The  switching  constants  for  the 
three  different  modes  of  flux  reversal  in  ferrites  may  differ  by  as  much  as  a  factor  of 
20.  That  is,  the  switching  coefficient  for  pure  wall  displacement  may  &>e  20  times  the 
switching  coefficient  for  coherent  rotations.  In  view  of  the  drive  fields  normally  used  in 
FDPS,  however,  the  domain  wall  motion  mechanism  is  the  principal  switching  mechanism 
operative,  and  its  switching  constant  is  the  one  to  be  considered  in  calculations  of  switch¬ 
ing  time.  This  switching  coefficient  for  domain  wall  motion  can  be  shown  to  be  given 
by 
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wfetr*  d  *  distance  moved  by  domain  wall 
-  ri.•xxiO', 

A, - ■  - - 

i  •  domain  wall  thickness  • 

k  ■  Boltzman's  constant,  yy 

X  *  intrinsic  damping  parameter  «  -jg - 

r 

4H  «  intrinsic  linewidth 

H  ■  field  (oe)  required  for  ferrimagoeiic  resonance  at  the  linewidth  measurement 
r  frequency. 

Typical  switching  constants  Sw  for  domain  wall  motion  are  of  the  order  of  0. 1 
to  1  oersted  microseconds.  Thus,  for  a  drive  field  of  approximately  5  times  the  coer¬ 
cive  fieidf  we  find  that  the  switching  time,  tg,  is  of  the  order  Of  0.02  to  0.2  microseconds. 
These  switching  times  are  sufficiently  rapid  for  most  microwave  applications  so  that 
other  flux  reversal  processes  involving  domain  rotation  need  not  be  considered.  The 
application  of  flux  reversal  processes  would  lead  to  very  high  drive  field  requirements 
which  would  be  intolerable  for  most  phased  array  applications. 


zoom 


4  SUMMARY  AND  DISCUSSION  OF  RESULTS 

4.1  INTRODUCTION 

This  section  presents  and  discusses  currently  available  results  of  the  ana¬ 
lytical  and  experimental  work  carried  out  to  determine  the  effect  of  intrinsic  ferrite 
parameters  on  the  performance  characteristics  of  FDPS.  The  overall  goal  of  this 
work  is  to  develop  theoretical  and  experimental  techniques  which  will  permit  the  pin¬ 
point  specification  of  the  intrinsic  material  parameter  values  required  to  obtain  opti¬ 
mum  FDPS  performance  characteristics  under  a  specified  set  of  constraints  (i.  e. , 
constraints  such  as  average  and  peak  power  handling  requirements,  permissible  in¬ 
sertion  loss,  stability  of  phase  and  loss  with  temperature,  etc. ). 

Physical  and  mathematical  models  for  remanent  state  ferrites  were  presented 
in  Section  3.  These  models  were  developed  to  enable  the  prediction  and  evaluation  of 
the  performance  characteristic!:,  of  ferrites  in  different  frequency  bands  and  with  dif¬ 
ferent  geomet.  ics  without  having  to  resort  to  an  actual  measurement  of  loss  and  phase 
shift  for  each  frequency  and  geometry  employed.  Moreover,  the  models  permit  the 
prediction  and  evaluation  of  the  effects  of  variations  in  intrinsic  material  parameters 
on  loss,  phase  shift,  and  high  power  threshold.  In  attempting  to  verify  the  material 
models  proposed,  a  computer-aided  analysis  has  been  carried  out  to  find  the  exact 
solutions  to  the  boundary  value  problems  for  various  device  configurations.  Differ¬ 
ential  phase  shift,  insertion  loss,  and  rf  field  intensities  for  each  configuration  are 
obtained  from  'lie  solution  to  its  boundary  value  problem.  This  analysis  has  been 
supported  and  guided  by  an  extensive  set  of  experimental  measurements  on  a  variety 
of  FDPS  configurations  and  a  wide  array  of  material  parameters.  The  combined 
theoretical  and  experimental  effort  has  been  aimed  towards  substantiating  and  im¬ 
proving  the  physical  model  proposed  for  remanent  state  ferrites,  so  that  a  more  com¬ 
plete  understanding  of  the  operation  and  limitations  on  FDPS  could  be  obtained. 

4.  2  MEASUREMENT  EQUIPMENT  AND  TECHNIQUES 

Equipment  and  techniques  are  described  for  performing  measurements  of  the 
following  material  parameters:  density,  saturation  magnet  ization,  g-factor,  linewidth, 
Curie  temperature,  dielectric  constant,  dielectric  loss  tangent,  remanence  ratio,  and 
coercive  field.  In  addition,  equipment  and  techniques  for  measuring  device  phase  shift, 
insertion  loss,  VSWR,  high  power  threshold,  switching  time,  and  switching  energy  are 
described. 
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Foner,  versatile  and  Sensitive  Vibrating  Sample  Magnetometer, "  Rev.  of  Scientific 
Instrument  30,  549  (X959) 


W  Measurement  of  47rM(.  The  measurement  of  4rrMg  was  made  with  the 
.fbratiaf  Maple  magnetometer  shown  la  Figure  13.  This*  measurement  ia  based  on 
the  detection  of  the  ac  magnetic  field  set  up  by  the  vibrating  magnetic  sample.  A  sma» 
sphere  of  the  unknown  materia  is  placed  in  a  strong  saturating  dc  magnetic  field.  The 
emnpM  *•  vibrated  a  a  low  audio  frequency  (100  ops)  and  the  oscillating  dipole  field 
tess  ganeinted  is  detected  by  two  coils  so  positioned  as  to  minimize  str^y  pickup.  The 
magnitude  of  this  dipole  field  ia  compared  to  the  signal  detected  by  two  similar  coils 
fro*  a  known  calibrated  sample  attached  to  the  same  vibrating  rod.  This  system,  first 

_  14 

proposed  Ly  Foner,  is  capable  of  accurate,  continuous  readout  and  lends  itself  well  to 
ihe  measurement  of  saturation  magnetization  s s  a  function  of  temperature.  The  mag- 
nstemater  can  also  bt  used  to  measure  coercive  force  on  spherical  samples. 
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(b)  Measurement  of  4H,  geff -factor,  Magnetic  Susceptibility  and  Anisotropy 

Reflftctlon  type  resonance  spectrometers  were  used  for  measurements  of  Hne- 
Mx *•  Th#  ““P1®*  “ensured  were  generally  in  the  form  of  spheres  20  ±2  mils  in 
diameter.  The  spheres  were  made  by  forcing  a  roughly  cubical  shaped  sample  of  the 
nateri*3  compressed  air  around  the  inner  periphery  of  a  wheel  coated  with  an 
a  raaive  powder.  A  4/0  finish  can  easily  be  obtained  using  this  method. 

The  effective  g-factor  is  obtained  simultaneously  with  the  llnewldth  data  by 
simply  noting  the  field  at  which  maximum  absorption  occurs  and  subati toting  this  into 
Kittel's  resonance  equation.  Figure  14a  shows  the  X  band  resonance  spectrometer 

Figure  4b  shows  the  C  band  resonance  spectrometer  in  Sperry's  Materials 
Measurements  Laboratory. 

This  same  equipment  con  be  used  for  the  measurement  of  anisotropy  field  in 
aligned  single  czystal  samples. 

By  monitor*"  (fleeted  signal  from  the  cavity  or  shorted  ftm 

the  field  is  varied,  it  is  possible  to  obtain  a  plot  of  resonance  IS*  profile  or  imagi- 
m  y  part  of  the  magnetic  susceptibility  as  a  function  of  applied  field.  Such  plots  are 
f  considerable  value  when  considering  materials  for  off  resonance  applications  such 
as  phase  shifters. 

(c)  Measurement  of  T#.  Curie  temperature  measurements  are  done  most 
rapidly  with  the  simple  furaance  arrangement  sketched  in  Figure  15.  The  test  pro¬ 
cedure  is  based  on  the  balancing  of  gravitational  and  magnetic  foroes.  As  the  temper¬ 
ature  is  raised  u*l  the  Curie  temperature  is  approached,  the  magnetization  of  a  ferro- 
n  body  “PProaches  *ero.  The  Curie  temperature  can  then  be  deLned,  in  this 
measurement,  as  the  temperature  at  which  the  force  of  gravity  overcomes  the  magnetic 
°  ce.  The  temperature  at  which  the  sample  (S)  drops  from  the  magnet  (P)  can  be 
determined  by  using  two  strips  of  foil  <F)  to  dose  on  electrical  circuit  and  ring  a  bell 
waen  the  ample  foroes  Ihe  strips  to  touch.  The  temperature  can  then  be  read  on  a 
thermocouple.  More  precise  determinations  are  made  by  measuring  the  temperature 
at  which  the  magnetization  falls  to  zero  on  the  vibrating  sample  magnetometer  of  Figure 
18.  Curie  temperature  data  are  obtained  directly  when  the  saturation  magnetization 
Is  measured  as  a  Amotion  of  temperature. 
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Figure  14  a.  X  Band  Resonance  Spectrometer 


3 


Figure  14  b.  C  Band  Resonance  Spectrometer 
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Figure  15.  Furnace  Arrangement  for  Simple  Measurement  of  Curie  Temper¬ 
ature.  Explanatory  Comments  are  in  the  Text. 

(d)  Measurement  of  Dielectric  Constant  and  Dielectric  Loss  Tangent.  Measure 
ments  of  dielectric  loss  tangent  and  dielectric  constant  were  made  at  X  band.  A  small 
cylindrical  sample  of  the  material  to  be  measured  is  inserted  into  a  transmission  cavity 
at  a  point  of  a  maximum  electric  field  and  minimum  magnetic  field.  In  the  case  of 
samples  with  large  saturation  magnetizations  a  magnetic  field  is  applied  to  essentially 
eliminate  domain  wall,  magnetic,  losses  at  the  test  frequency.  If  the  Q  and  the  resonant 
frequency  of  the  cavity  are  known  before  and  after  a  sample  is  inserted,  tan  6 and  € 

can  be  calculated.  Tan  6  can  be  measured  down  to  0.  0001  and  €  values  are  accurate  to 
about  5  percent.  This  equipment  is  shown  in  Figure  16. 

(e)  Lattice  Constants  and  X  Ray  Density.  The  lattice  constants  of  various 
garnet  and  ferrite  compounds  vary  from  compound  to  compound.  For  a  garnet  of  the 
series  5  Fe_0  •  3  (Y  Gd  O  ),  if  the  lattice  constants  of  the  end  points  (in  this  case 
YIG  and  GdIG)  were  known,  the  variation  of  lattice  constant  with  x  can  be  calculated  by 
Vegards's  rule.  The  lattice  constant  of  these  materials  was  determined  from  X-ray 
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Figure  16.  Dielectric  Constant  and  Dielectric  Loss  Tangent  Measurement 
Equipment  (X  Band) 

diffractometer  of  Figure  17  Model(General  Electric  XRD-5).  The  theoretical  density 
of  the  materials  can  be  computed  once  the  lattice  constants  and  chemical  composition 
are  known.  X-ray  diffraction  data  collected  on  this  apparatus  was  also  used  to  study 
the  phase  purity  of  materials. 

(f)  Measurement  of  Density.  Density  was  measured  in  this  laboratory  by 
weighing  accurately  on  chemical  balances  a  sample  of  regular,  measured  dimensions , 
and  by  computing  the  ratio  of  weight  to  volume.  For  irregular  samples ,  a  mercury 
volumeter  was  used;  this  device  works  by  measurement  of  the  buoyancy  of  the  sample 
when  Immersed  in  mercury. 

(g)  Measurement  of  Remanence  Ratio  and  Coercive  Field.  A  hysteresisograph, 
or  square  loop  tester,  has  been  built  for  the  evaluation  and  measurement  of  the  hyster¬ 
esis  properties  of  ferrlmagnetlc  oxides.  The  equipment  operates  at  60  cps  and  consists 
of  a  coaxial  drive  probe,  Integrator,  function  generator,  peak  reading  voltmeter  and 
scope  display.  Squareness  ratio  (Sp  =  4 

field  to  the  drive  field  (H^/Hp)  are  re?.d  directly  from  digital  potentiometers. 


7rMj^/47rM^)  and  the  ratio  of  the  coercive 


f 
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Figure  17.  General  Electric  XRD-5  X  ray  Diffractometer  in  Sperry  Micro- 
wave  Electronics  Company  Laboratory 


The  square  loop  tester  is  depicted  in  Figure  18  and  Figure  19  is  a  brief  schematic  of 
the  apparatus. 

The  flux  change  involved  in  switching  from  (^TTMp)  to  (+470^),  namely  A<t>, 

is  calculated  from  the  voltage  read  on  the  peak-reading  voltmeter  using  a  reference 

toroidal  sample  supplied  by  Mr.  D.  H.  Terame  of  M.I.  T.  Lincoln  Laboratories.  The 

remanent  flux  density  (47TM  )  is  then  the  product  of  this  flux  and  the  squareness 

RD 

ratio  divided  by  the  cross  sectional  area  of  the  toroid  legs:  47TMRD  =  S^(40)/A 


where 

A  =  l  W, 

4 

l  =  length  of  the  toroid 
=  width  of  the  toroid  legs 
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Thu  coercive  field  is  calculated  from  the  equation 


oersteds 


where 


and 


L  s  the  RMS  current  (amperes)  used  to  magnetize  the  toroid  to 
±47TMd 


Oil  ,  ID  =  the  mean  toroid  outer  and  inner  diameters  respectively, 
in  inches. 


Figure  18.  Squa  e  Loop  Tester 
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Figure  19.  Schematic  of  Square  Loop  Tester  Modified  for  Measuring  the 
Remanent  Magnetization 


(h)  Grain  Size  and  Shape.  A  Richert  metallograph  was  used  in  the  measurement 
of  grain  size  and  shape.  The  instrument  is  capable  of  magnifications  up  to  2300  and 
is  equipped  with  photographic  attachments.  The  metallograph  is  shown  in  Figure  20. 

The  toroid  sample  which  was  used  for  measuring  remanence  ratio  and  coercive 
field  was  sliced  in  half  with  a  diamond  cutoff  wheel.  The  newly  exposed  surface  of  the 
sample  was  then  polished  using  9  micron,  1  micron  and  0.  05  micron  aluminum  oxide 
polishing  powders  on  a  lapping  wheel.  After  the  proper  polished  surface  was  obtained, 
the  sample  was  thermal  etched  for  1  hour  at  200°C  below  the  sintering  temperature. 

Photomicrographs,  500  magnification,  were  taken  of  the  etched  surface  of  the 
sample  using  the  metallograph.  Transparent  material  printed  with  hexagonal  shapes 
were  prepared  as  overlays  for  the  photomicrographs.  The  distance  betwe an  parallel 
sides  of  the  hexagonal  shapes  were  made  to  correspond  to  5. 7, 11, 13, 16, 20, 22,25  or 
29  microns  at  500  magnification.  The  particle  size  of  the  sample  was  then  determined 
by  comparison  of  the  overlays  with  the  photomicrograph. 


(i)  Average  Powder  Particle  Size.  The  average  particle  size  of  each  material 
batch  was  measured  just  before  the  pressing  and  sintering  operations.  The  apparatus 

shown  in  Figure  21  is  a  Fisher  Sub-Sieve  Sizer.  The  powder  samples  were  first 

o  3 

heated  to  500  C  to  drive  off  the  wax  binder,  then  weighed  to  obtain  1  cm  portions 

based  on  the  theoretical  material  density.  This  method  of  measurement  is  supposed 

to  have  an  accuracy  cf  ±0. 05  microns. 

4.2.2  Preparation  Frocedure 

The  square  loop  properties  of  these  materials  are  strongly  related  to  the  pro¬ 
cess  by  which  they  are  prepared  and  to  the  mechanical  properties  of  the  microstructure 
of  the  fired  ceramic.  Therefore,  the  preparation  procedure  was  given  special  attention 
and  studies  of  the  structure  were  made  at  various  points  in  the  fabrication  procedure. 

From  the  raw  oxide  stage  to  the  final  (rf  testing)  stage,  the  following  procedure 
was  used.  The  particle  sizes  of  the  raw  oxides  were  first  measured  in  a  Fisher  Sub- 
Sieve  Sizer.  They  were  then  measured  out  and  placed  in  stainless  steel  ball  jars. 

Batch  sizes  varied  vrom  1500  to  3000  grams  for  the  ferrites  and  from  1400  to  4000 
grams  for  the  garnets.  The  oxides  were  mixed  by  ball  milling  with  water  and  one-half 

u 

inch  diameter  stainless  steel  balls  for  8  hours.  (Mixing  times  of  8,  16  and  24  hours  0 

Cl* 

were  compared  in  30  and  60  percent  gadolinium  substituted  YIG).  The  water  was  then  '  ^ 

removed  by  vacuum  filtering,  the  oxides  dried,  screened  and  presintered  MgO  boats 

from  900°C  to  1150°C  (for  8  hours)  for  the  ferrites  and  1200°C  (for  8  hours)  for  the 

garnets.  Average  particle  sizes  of  some  of  the  compositions  were  measured  at  this 

point  with  the  Fisher  Sub-Sieve  Sizer. 

A  second  ball  milling  operation  (with  water)  was  performed  to  achieve  a  good 
distribution  of  small  average  size  particles  and  to  introduce  a  binder.  The  ball  milling 
time  was  4  hours  for  the  ferrites  and  varied  from  16  to  24  hours  for  -he  garnets.  The 
mixture  was  then  filtered  and  dried  and  samples  of  the  driod  powders  were  checked 
for  average  particle  sizes. 

The  dried  powders  were  then  pressed  into  hollow  cylinders  (for  measu  *ing 
square  loop  and  switching  properties),  bars  (to  be  machined  into  toroids  for  rf  measure¬ 
ments  in  the  1250  MHz  to  1450  MKj  frequency  range),  and  toroids  (for  rf  measure¬ 
ments  in  C  and  X  bands) .  The  samples  were  then  fired  in  electric  furnaces  at  1250°C 
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Figure  20.  Richert  Metallograph  Used  for  Material  Evaluation 

to  140  J°C  for  the  ferrites  and  1478°C  to  1500°C  for  the  garnets  (excepl  that  some 
cylindrical  samples  of  YIG  were  prepared  using  varying  firing  temperatures  so  as  to 
check  remanence  ratio  versus  density).  Minute  samples  were  removed  from  the  rf 
samples  for  measuring  loss  tangent,  linewidth,  magnetization,  etc. 

4*2*3  Measurement  of  Device  Characterise  ns 

^Measurement  of  Attenuation  and  vswp  Measurement  of  attenuation  and 

VSWR  was  done  in  the  so-called  ratio-detector  setup  depicted  in  Figure  22a.  This 

metaod,  described  by  Hunton  et  al,  yields  a  continuous  display  of  the  loss  and  VSWR 

across  the  frequency  band  and,  assuming  30  db  directivity, is  accurate  to  7  percent. 

This  method  was  used  only  at  milliwatt  power  levels.  At  high  power  levels  the  atten- 

uation  was  measured  by  a  slightly  different  technique  as  shown  in  Figure  23. 

15  J.  K.  Hunton  and  E.  Lorence,  "Improved  Sweep  Frequency  Techniques  for  Boardband 
Microwave  Test,  'Hewlett-Packard  Journal,  Vol.  12,  No.  4, December  1960. 
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Figure  21.  Fisher  Sub-Sieve  Sizer 


(b)  Measurement  of  Differential  Phase  Shift.  Differential  phase  shift  waa 
measured  in  the  phase  bridge  setup  shown  in  Figure  22b.  At  the  power  splitter  the  rf 
energy  divides  with  half  the  energy  going  into  each  arm.  The  losses  of  the  test  piece 
(digital  phase  shifter)  in  the  lower  arm  are  balanced  a  id  monitored  by  the  calibrated 
attenuator  in  the  upper  arm.  The  ferrite  is  magnetized  to  the  state  corresponding  to 
fl+  and  the  calibrated  phase  shifter  is  adjusted  to  provide  a  null  readout  at  the  detector. 
The  reading  on  the  calibrated  phase  shifter  is  noted.  The  ferrite  is  then  magnetized 
to  /?-  and  the  calibrated  phase  shifter  is  again  adjusted  for  a  null.  The  second  reading 
can  now  be  subtracted  from  the  first,  the  difference  representing  the  differential  phase 
shift.  This  method  has  an  accuracy  of  better  than  5  percent. 
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*•  RATIO  DETECTOR  SE1UR  FDA  MEASURING  ATTENUATION  UNO  VS»R 


B  PHASE  BRIDGE  SETUP  FOR  MEASURING  PHASE  SHIFT 


Figure  22.  Laboratory  Setups  for  Measurement  of  Attenuation  and  Phase 
Shift  at  Low  Power  Levels 
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Thi*  method  of  measuring  phase  shift  is  easily  adapted  to  measurements  at 
nigh  power  levels.  The  calibrated  phase  shifter  is  then  used  in  the  upper  arm  which 
is  strongly  decoupled  from  the  main  (high  power)  line  containing  the  FDPS  through  the 
use  of  a  multihole  or  crossguide  coupler  instead  of  the  first  magic-tee.  A  similar 
coupler  is  placed  in  the  main  line  just  after  the  test  pierce.  The  down-arm  energy  of 
this  second  coupler  is  combined  by  a  magic-tee  with  ihe  energy  flowing  through  the 
calibrated  phase  shifter.  Providing  the  main-line  arm  of  this  second  coupler  is  well 
terminated,  the  accuracy  should  be  5  percent  or  better. 

(c)  Measurement  of  Attenuation  at  High  Power  Levels.  The  conventional  means 
of  measuring  attenuation  at  high  power  levels  are  generally  quite  inaccurate  because 
of  drift  problems  associated  with  the  hijgi  powar  source  and  the  nulling  of  the  detector- 
bridge  apparatus.  This  problem  has  been  largely  solved  by  using  the  power-ratio 
scheme  depicted  in  Figure  23. 

This  method  involves  the  use  of  two  30  db  multihcle  couplers  xtwo  attenuators, 
two  thermistors,  two  average  power  meters  and  an  x-y  recorder.  The  line  is  fix :t 
calibrated  by  butting  the  couplers  and  adjusting  the  attenuators  so  that,  at  all  anticipated 
power  levels,  the  recorder  tracks  a  previously  recorded  zero-db  line  when  the  output 
from  meter  #1  is  used  to  form  the  x-axis  and  the  output  from  meter  #2  forms  the 
y-axis.  Grid  lines  representing  other  attenuation  levels  can  then  be  traced  by  appro¬ 
priately  setting  attenuator  #2.  When  the  device  is  inserted  in  the  line,  itei  attenuation 
vs  input  power  level  is  recorded  as  a  continuous  function  of  power  in  a  matter  of 
seconds. 


This  method  has  the  following  advantages  over  conventional  methods: 

1.  Since  power  level  ratios  only  are  recorded,  any  fluctuations 
in  source  output  cancel. 

2.  Because  of  the  speed  with  which  the  measurement  is  made, 
null  drift  is  minimized. 

3.  The  attenuation  display  is  continuous  with  Increasing  input 
power  so  that  the  onset  of  peak  power  instabilities  can  be 
detected  at  early  levels. 
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Figure  23.  Power-Ratio  Setup  for  Measuring  Attenuation  at  High  Power 
Levels 

(d)  Measurement  of  Switching  Energy  and  Switching  Time.  The  switching 
energy  cannot  be  measured  directly.  There  are  several  methods  by  which  it  can  be 
measured  indirectly  and  two  are  described  below. 

The  solid  traces  in  the  graphs  of  Figure  24  show  vhe  voltage  pulse  across  and 
the  current  pulse  through  the  charging  wire  of  the  toroid.  These  traces  are  typical  of 
the  oscillograms  obtained  using  fast-responding  current  and  voltages  probes.  The 
dashed  lines  are  intended  to  enclose  a  geometrical  area  roughly  equivalent  to  the  ir¬ 
regular  area  actually  obtained.  The  switching  energy  is  then 


U  =  V  I  (dt)  (Joules), 
s  op 


(37) 


I  UMPSi  ¥  iVOLTS) 


Typically 


V  =35  volts 
o 


I  =10  amps 
o 

4t  =  1  microsecond 


80  U  =  35  x  10  x  10  =  350  microjoules. 

s 

The  second  method  Is  that  of  measuring  the  rros  voltage  and  current  required 
for  continuous  switching  at  a  rate  R.  Using  this  method 


I  xV 
rms  rms 


joules 


where  the  factor  2  is  used  because  R  Is  given  In  cycles/second  and  therefore  repre¬ 
sents  switching  from  a  given  state  to  another  and  back  again. 


S700B 


Figure  24.  Typical  Voltage  and  Current  Waveforms  Observed  During  Fast 
Switching  of  the  Ferrite  Toroids.  The  Switching  Time  Tg  is  also 
Shown. 
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4.  3  MATERIALS  FOR  EVALUATION  (COMPOSITIONS  AND  REASONS  FOR  SELECTION) 

A  comprehensive  list  of  the  material  compositions  which  have  been  fabricated 
for  evaluation  is  provided  by  Tables  I  and  II  of  Section  4. 4  and  Tables  V  and  VI  of 
Section  4.5.  It  is,  perhaps,  worthwhile  noting  that  the  materials  listed  in  the  referenced 
tables  have  been  selected  a  few  at  a  time  throughout  the  program.  These  materials 
thus,  reflect  a  continuous  feedback  of  the  information  obtained  from  the  evaluation 
studies  discussed  in  Section  4. 4  and  4. 5. 

The  suitability  of  a  given  ferrimagnetic  material  for  use  in  a  phase  shifter 
ultimately  depends  on  the  performance  requirements  imposed  on  the  phase  shifter. 
Certain  features,  however,  are  desired  of  all  good  phase  shifter  materials.  Among 
these  are  low  dielectric  and  magnetic  losses,  high  remanence  ratio,  low  coercive 
field,  high  reproducibility  of  all  oropertles,  temperature  stability  of  microwave  and 
square  loop  properties,  and  low  cost.  Low  cost  is  particularly  Important  in  large 
array  applications.  The  relative  costs  of  nonorlented  ferrimagnetic  materials  can  be 
compared  by  simply  examining  the  cost  of  the  raw  oxides  used  in  fabricating  each 
material,  since  the  preparation  cost  is  reasonably  constant  from  one  material  to  the 
next.  The  raw  oxide  costs  for  the  spinel  ferrites  is  considerably  less  than  that  for 
the  garnets,  and  when  cost  is  the  overriding  factor,  ferrites  certainly  are  preferred 
over  garnets. 

In  a  given  application  tradeoffs  must  normally  be  made  among  the  various 
desired  properties  to  obtain  a  material  that  is  satisfactory  from  all  points  of  view. 

The  material  studies  carried  out  on  this  program  have  been  selected  to  determine 
and  highlight  possible  trade-off  areas.  Particular  emphasis  has  been  placed  on 
obtaining  optimum  materials  for  use  in  high  peak  power  phase  shifters  in  X,C,S, 
and  L  bands. 

The  materials  listed  in  Tables  I,n,V,  and  VI  have  been  carefully  selected  to 
provide  the  basis  for  a  thorough  study  of  square  loop  and  microwave  properties  of 
ferrimagnetic  materials  and  their  influence  on  the  performance  characteristics  of 
FDPS.  A  brief  summary  of  these  investigations  is  as  follows: 
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Three  aluminum  dysprosium  doped  YIG  materials,  three  aluminum  gadolinium 
doped  YIG  materials,  and  one  aluminum  gadolinium  dysprosium  doped  material  were 
selected  for  rf  evaluation  at  low  frequencies  (L  band).  The  aluminum  doping  is  used 
to  lower  the  saturation  magnetization.  Gadolinium  doping  imparts  some  n  *sure  of 
temperature  (and  average  power)  stability  to  the  magnetization,  and  dyspi  um  doping 
is  used  to  enhance  the  high  peak  power  handling  capacity  of  these  materials. 

Five  gadolinium  doped  YIG  materials  were  chosen  for  further  studies  of  the 
dependence  of  loss  and  threshold  power  level  on  magnetization  in  materials  with  in¬ 
creasing  anisotropy. 

Four  dysprosium  doped  YIG  materials  were  selected  to  study  the  dependence 
of  loss  and  threshold  power  level  as  a  function  of  both  magnetization  and  intrinsic 
line  width. 

Five  ferrites  from  the  nickel-zinc  family  were  chosen  for  investigations  of 
loss  and  threshold  power  level  versus  magnetization  of  these  materials  with  larger 
intrinsic  linewidths  and  widely  varying  anisotropy. 

Four  materials  from  the  magnesium  manganese  aluminum  ferrite  family  were 
selected  to  evaluate  loss  and  threshold  power  level  variation  with  magnetization  for 
small  intrinsic  linewidths  and  varying  anisotropy. 

Three  materials  from  the  nickel  cobalt  ferrite  family  were  selected  for  in¬ 
vestigation  of  loss  and  threshold  power  variation  with  magnetization  in  the  presence 
of  low  anisotropy  and  rather  high  intrinsic  linewidths. 

A  single  sample  of  lithium  ferrite  was  also  prepared  for  general  rf  evaluation 
in  the  5  to  10  GHz  frequency  range. 

Two  compositions,  namely  D8QA1-108  (YIG)  and  91-3  (Nickel  zinc  ferrite), 
will  be  evaluated  for  below  resonance  (frequency- wise)  operation  in  L  band. 

While  some  of  these  materials  would  not  necessarily  be  selected  as  "good" 
digital  phase  shifter  materials,  they  are  nonetheless  of  considerable  interest  because 
their  properties  represent  a  wide  range  of  intrinsic  material  parameters  which  can  be 
used  as  an  aid  in  testing  and  understanding  the  dependence  of  phase  shifter  performance 
on  ferrite  characteristics.  The  investigation  of  the  dependence  of  magnetic  loss  on 


4-18 


c: 

o 


*1 


linewidth  through  the  evaluation  of  the  series  of  dysprosium  doped  garnets  illustrates 
this  point. 

4.4  MATERIAL  PROPERTIES 

Tables  I  and  II  list  data  thus  far  accumulated  on  14  garnet  and  13  ferrite 
materials,  reap-.  lively.  Large  batches  of  each  composition  were  prepared  for  this 
second  phase  of  the  RADC  /ARPA  program  so  that  extensive  materials  and  device 
studies  could  be  made  on  the  same  material  batch.  This  eliminates  the  possibility 
of  introducing  batch-to-batch  variations. 

Measured  properties  of  the  compositions  shown  in  Tables  I  and  □  are  dis¬ 
cussed  in  this  section. 

The  sample  nomenclature  used  on  this  program  is  as  follows: 


Example:  G_-251 


Designates  a  particular 
composition 


/ 

Designates  the  batch 
number  of  this  parti¬ 
cular  composition 


Designates  the  parti¬ 
cular  sample  pressed 
from  this  composition 
and  batch 


The  average  powder  particle  sizes  were  obtained  using  a  Fisher  Sub-Sieve 
Sizer  according  to  the  method  outlined  in  Section  4. 2. 1.  In  general,  the  ferrite  powders 
were  found  to  have  smaller  average  particle  sizes  than  the  garnets.  However,  since 
we  are  seeking  here  some  sort  of  relationship  between  powder  particle  size  and  square 
loop  properties  for  materials  within  a  given  family,  further  assessment  must  await 
more  square  loop  data. 

The  grain  size  and  square  loop  values  listed  were  obtained  from  half-inch 
long,  relatively  thin  walled  (0. 060")  toroids  fired  in  the  same  furnace  with  the  device 
toroids.  Photomlcrographed  surfaces  were  prepared  in  accordance  with  the  method 
given  in  Section  4. 2.1.  The  average  grain  sizes  were  estimated  by  comparing  the 
photomicrographs  with  plastic  overlays.  At  this  time  the  data  are  insufficient  to  per¬ 
mit  any  conclusions  to  be  made  as  to  grain  size  requirements  from  one  type  of  material 
to  the  next  within  a  given  family. 
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Some  materials  for  these  tables  have  been  subjected  to  special  investigations. 
Table  m  shows  the  effects  of  mixing  time  in  30%  gadolinium  substituted  yttrium  iron 

garnet  and  60%  gadolinium  substituted  yttrium  iron  garnet,  luree  batches  of  each 
material  were  made  with  mixing  times  of  8,  16  and  24  hours  each.  The  usual  mixing 
time  is  8  hours.  The  purpose  of  this  study  was  to  determine  If  the  square  loop  pro¬ 
perties  could  be  improved  without  degrading  such  microwave  properties  as  the  die¬ 
lectric  loss  tangent.  A  waxing  time  of  24  hours  was  used  throughout. 

Powder  particle  size  measurements  made  just  after  the  mixing  of  the  raw 
oxides  showed  a  decrease  in  particle  size  with  increasing  mixing  time  as  might  be  ex¬ 
pected.  However  there  seems  to  be  no  correlation  to  the  average  particle  sizes 
measured  after  the  waxing  time  which  are  also  shown.  Furthermore,  increasing  the 
mixing  time  has  no  apparent  effect  on  the  measured  densities  or  the  measured  grain 
sizes.  The  measured  density  for  all  three  30%  gadolinium  substituted  yttrium  iron 
garnet  samples  was  approximately  5. 50,  while  that  for  the  60%  gadolinium  substituted 
yttrium  iron  garnet  was  approximately  5. 84.  The  grain  sizet*  of  the  two  compositions 
were  approximately  12  and  16  microns  for  the  30%  and  60%  gadolinium  substituted 
yttrium  iron  garnets,  respectively.  On  the  other  hand,  improveme  ts  in  linewidth, 
coercive  force  and  remanence  ratio,  taken  on  the  whole,  might  indicate  that  the  24 
hours  mixing  time  is  to  be  preferred  (the  observed  small  changes  in  loss  tangent 
could  very  well  be  explained  by  experimental  error). 

Figure  25  shows  photomicrographs  of  three  samples  each  from  the  30%  and 
60%  gadolinium  substituted  yttrium  iron  garnets  listed  in  Table  m.  It  is  seen  from 
the  remanence  ratio  and  coercive  force  values  that  a  reasonably  good  correlation  exists 
between  porosity,  as  evidenced  by  the  holes,  and  square  loop  properties. 

Dependence  of  Square  Loop  Properties  on  Porosity.  Table  IV  lists  the  pro¬ 
perties  of  materials  fabricated  to  study  the  dependence  of  square  loop  properties  on 
density.  The  remainder  of  these  properties  are  listed  in  Table  L  The  composition 
chosen  for  this  investigation  is  yttrium  iron  garnet.  The  changes  in  density  were 
obtained  by  varying  the  firing  temperature  while  the  remaining  fabrication  variables 
were  held  constant.  The  firing  temperature  was  varied  between  1400°c  and  1500°C 
with  corresponding  densities  in  the  range  4. 71  to  4. 97. 
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TABLE  IV.  PROPERTIES  OF  MATERIALS  FABRICATED  TO  STUDY 
THE  DEPENDENCE  OF  SQUARE  LOOP  PROPERTIES  ON  DENSITY 


SMEC 

No. 

Firing 

Temp/ 

Time 

(°C/hr) 

Density 

(gm/ 

Cm3) 

D80A1-108J 

1400/5 

4.  76 

D80A1-108K 

1400/5 

4.  71 

D80A1-108G 

1425/5 

4.  75 

D80A1-108H 

1425/5 

4.  83 

cv 

o 

o 

D80A1-108E 

1450/5 

4.  80 

o 

o 

D80A1-108F 

1450/5 

4.92 

D80A1-108 

1475 

4.04 

D80A1-108 

1475 

4.  92 

D80A1-108 

1500 

4.  07 

*  pm~  Measured  density 
px  =  X-ray  density 


Coercive 
Reman-  Force 


Pm/ 

Px* 

4ttMb 
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4ttM 

(Gauss) 
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Ratio 
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0.  9207 
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0. 546 
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0. 569 
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0.  9284 
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0. 569 

0.04 

0.  9517 

1694 
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0.618 

0.  78 
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1700 

1152 

0.647 

0. 63 

0.9517 

1694 

1062 

0. 507 

0.59 

0.9613 

1711 

1008 

0. 617 

0.41 
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Hj*  TIitif1-  hi  hull 
Avarag*  r, rafi)  Size=12  microns 
Density=5. 48  vm/Cm3 


Grain  Size 


microns 


I8QA2-4-12C  Mix  TimeK24  hours 
Average  Grain  SizeBIi  microns 
DensitpS.  88  gm/Cm3 
Rj*-.  3?  Ho=2. 05  oe. 


D80A2-2-12C  Mix  Time=24  hours 
Average  Grain  Size=lJ5  microns 
Density=5. 49  gm/Cm* 


Figure  25.  Photomicrographs  of  60%  Gadolinium  Substituted  YIG 
and  30%  Gadolinium  Substituted  YIG 
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In  general,  the  remanence  ratio  increased  with  increasing  density  while  the 
coercive  force  decreased  with  increasing  density.  These  data  are  shown  graphically 
in  Figure  26,  plotted  as  a  function  of  the  percent  theoretical  density.  In  these  calcu¬ 
lations  the  theoretical  density  of  this  yttrium  iron  garnet  material  was  taken  as  5. 17. 
This  number  is  calculated  from  the  measured  x-ray  lattice  constant.  In  Figure  26 
it  is  seen  that  the  remanence  ratio  increases  from  0. 50,  corresponding  to  91%  theo¬ 
retical  density,  to  0. 605  corresponding  to  96%  density.  The  coercive  force  decreases 
from  approximately  1. 20  oersteds  at  91%  to  about  0. 60  oersteds  at  95. 5%  theoretical 
density.  Thus,  a  general  improvement  in  square  loop  properties  of  these  yttrium 
iror  garnet  samples  is  obtained  by  increasing  the  density. 

Temperature  Dependence  of  Square  Loop  Properties.  Figure  27  shows  the 
remanence  ratio  and  coercive  force  dependence  on  temperature  in  a  round,  thin  walled 
toroid  of  2%  dysprosium  substituted  yttrium  iron  garnet.  Also  shown  is  the  variation 
of  the  magnetization  of  yttrium  iron  garn  it  with  temperature  over  this  temperature 
range  of  -100  C  to  +  100°C.  The  coercive  force  is  seen  to  decrease  quite  linearly 
from  1. 18  oersteds  at  -100°c  to  0. 55  oersteds  at  +  100°C.  This  is  a  result  which  is 
felt  to  reflect  the  temperature  dependence  of  the  anisotropy  field.  The  remanence 
magnetization  also  decreases  rather  linearly  over  this  range  from  about  1560  gauss 
at  -100  C  to  about  1080  gauss  at  +  100°C.  The  rate  of  decrease  of  the  remanent  mag¬ 
netization  is  not  as  rapid  as  the  decrease  in  saturation  magnetization  of  the  yttrium 
iron  garnet.  The  reason  for  this  decreased  dependence  on  temperature  in  the  remanence 
magnetization  is  probably  connected  to  the  concurrent  decrease  in  coercive  force. 

When  a  constant  current  drive  is  used,  the  net  effect  is  that  of  driving  the  sample 
harder  at  the  higher  temperatures.  This  is  shown  graphically  in  Figures  28  and  29. 

Figures  28  and  29  also  show  the  remanent  magnetization  dependence  on  tem¬ 
perature  in  two  nearly  identical  garnet  materials  measured  in  the  one  case  with  H  /H 

d  c 

constant  and  in  the  other  case  with  the  driving  current  constant.  A  marked  difference 
is  observed  in  the  rate  of  decrease  of  the  remanent  magnetization  with  increasing 
temperature  as  determined  by  the  two  methods  of  measurement.  Using  a  constant 
current  drive,  the  remanence  ratio  is  found  to  remain  very  nearly  constant  over  this 
temperature  range,  while  with  the  constant  ratio  of  drive  field  to  coercive  field  the 
remanence  ratio  continually  decreases  with  increasing  temperature.  This  may  evidence 
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REMANENCE  RATIO  - 


MATERIAL:  D80AI-108  YI6 
THEORETICAL 
0EN8IT/-5.17«m/cm3 


— 

i  n 

PERCENT  THEORETICAL  DENSITY 


Figure  20.  Remanent  Magnetization  and  Coercive  Force  Dependence  on 
Temperature  with  Drive  Current  (In)  Constant 
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Figure  27.  Remanence  Ratio  and  Coercive  Force  Versus  Temperature 
with  Constant  Drive  Current 
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Figure  29.  Remanent  Magnetization  and  Coercive  Force  Dependence  on 
Temperature  with  Drive  Current  (Ip)  Constant 
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an  inherent  increase  in  remanence  ratio  with  increasing  anisotropy  field,  as  stated 
earlier  in  Section  3. 4,  a  very  large  anisotropy  field  should  cause  the  remanence  ratio 
to  approach  0. 87  in  cubic  materials. 

Figure  30  shows  the  remanent  magnetization  and  coercive  force  dependence 
on  temperature  in  a  round,  thin  walled  toroid  of  30%  gadolinium  substituted  YIG. 

Also  shown  is  the  typical  variation  in  saturation  magnetization  of  this  type  material 
with  temperature.  The  coercive  field  is  again  seen  to  decrease  approximately  linearly 
over  the  temperature  range  -100°C  to  +  100°C  from  1. 19  oersteds  to  about  0. 76 
oersteds.  The  remanence  magnetization  varies  approximately  as  the  saturation  mag¬ 
netization  over  this  temperature  range,  except  that  at  the  lower  temperature  extreme 
it  is  seen  to  flatten  out.  This  flattening  may  be  explained  by  the  Increased  coercive 
force  which  has  the  effect  of  holding  the  remanence  magnetization  at  a  higher  level. 

That  is  to  say,  the  sample  is  less  prone  to  demagnetise  after  the  driving  pulse  by 
virtue  of  the  increased  anisotropy  field  which  can  help  offset  the  effects  of  porosity,  etc. 

During  these  measurements,  the  ratio  of  Hj/H^  (the  ratio  of  the  driving  field 
to  the  coercive  field)  has  bee  a  allowed  to  vary  and  the  driving  current  was  held  constant. 
This  is  approximately  the  situation  found  in  an  actual  working  device.  If  the  current 
is  varied  so  as  to  hold  the  ratio  H^/H^  constant,  the  remanent  magnetization  is  again 
found  to  decrease  more  rapidly  with  increasing  temperature. 

The  temperature  characteristics  of  many  materials  from  the  yttrium- 
gadolinium -iron  and  the  yttrium -gadolinium -aluminum -iron  garnet  families  are 
presented  in  Figures  31,  32,  33,  34,  35  and  36.  These  results  show  the  degree  of 
temperature  compensation  possible  and  illustrate  that  materials  possessing  almost 
any  value  of  magnetization  up  to  a  value  of  approximately  1200  can  be  prepared  and 
temperature  compensated. 
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Figure  30.  Remanent  Magnetisation  and  Coercive  Force  Versus 
Temperature  with  Constant  Drive  Current  1^ 
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Figure  31.  Variation  oi  the  Saturation  Magnetization  with  Temperature 
for  Yttrium  Gadolinium  Iron  Garnet 
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Figiire  32.  The  Variation  of  Saturation  Magnetization  with  Temperature  for 


Aluminum  Substituted  85%  YIG  •  15%  GdIG 
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Figure  33.  Variation  of  Saturation  Magnetization  with  Temperature 
Aluminum  Substituted  80%  YIG  20%  GdIG 
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Figure  34.  Variation  of  Saturation  Magnetization  with  Temperature  for 
Aluminum  Substituted  75%  YIG  25%  GdIG 
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Figure  35.  Variation  of  Saturation  Magnetization  with  Temperature  for 
Aluminum  Substituted  70%  YIG  30%  GdIG 
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Figure  36.  Variation  of  Saturation  Magnetization  with  Temperature  for 
Aluminum  Substituted  50%  YIG  50%  GdIG 


4. 5  EVALUATION  OF  MATERIALS  BY  ANALYSIS  AND  MEASUREMENT  OF  DEVICE 
CHARACTERISTICS 

Whether  or  not  a  given  ferrite  is  satisfactory  for  a  specified  phase  shifter 
application  must  ultimately  be  decided  in  the  light  of  the  performance  characteristics 
required  of  the  phase  shifter.  A  true  correlation  of  intrinsic  ferrite  properties  with 
device  performance  is  highly  desirable  and  the  ultimate  goal  of  this  study  is  to  be  able 
to  take  a  device  performance  specification  aact  accurately  predict  the  required  intrinsic 
material  parameters  (and,  hence,  select  the  appropriate  ferrite). 

To  study  the  relationship  of  dimensional  and  material  parameters  to  the  per¬ 
formance  characteristics  of  FDPS  a  computer-a^ded  analysis  of  the  exact  boundary 
value  problem  has  been  carried  out  for  several  phase  rhifter  configurations.  The 
solution  to  each  boundary  value  problem  yields  the  differential  phase  shl?t  and  loss 
characteristics  for  the  appropriate  configuration.  This  analysis  has  been  supported 
and  guided  by  an  extensive  set  of  experimental  measurements  on  a  variety  of 
FDPS  configurations  and  a  wide  array  of  material  parameters.  The  propagation  con¬ 
stant  equation  for  each  configuration  was  established  utilizing  the  analysis  techniques 
outlined  in  Section  3. 3.  The  magnetic  properties  of  the  ferrite  were  represented  via 
the"averaged"  tensor  permeability  developed  in  Section  3. 2. 1.  Numerical  computations 
were  carried  out  on  a  digital  computer. 

The  correlation  obtained  between  experimental  data  and  calculated  values  of 
both  magnetic  loss  and  phase  shift  has  permitted  the  development  of  a  rather  complete 
picture  of  the  mechanisms  and  phenomena  involved  in  the  operation  of  FDPS. 

Optimum  device  configurations  have  been  developed  for  the  materials  used.  These 
configurations  provide  a  maximum  figure  of  merit  in  terms  of  differentiri  phase  shift 
per  unit  loss.  The  ability  to  calculate  meaningful  numbers  with  a  high  degree  of 
accuracy  permits  the  practical  design  of  a  device  with  a  minimum  of  the  cut  and  try 
measures  usually  necessary. 

4. 5. 1  Low  Power  Characteristics  of  Waveguide  FDPS 

The  nonreciprocal  waveguide  FDPS  is  the  device  on  which  both  experimental 
and  analytical  studies  have  been  concentrated.  A  cutaway  view  of  a  laboratory  model 
phase  shifter  is  shown  in  Figure  37.  The  phase  shift  element  is  a  single  ferrite  toroid 
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Figure  37.  Cutway  Illustration  of  a  Typical  Nonreciprocal  Digital  Phase 
Shifter  Structure 


contained  wholly  within  the  waveguide.  Two-step  dielectric  transformers  were  used 
for  matching  into  the  ferrite-loaded  section  of  waveguide.  A  single  turn  of  wire 
coaxial  to  the  toroid  provides  a  path  for  the  current  pulses  which  magnetize  the  ferrite 
to  either  of  two  remanent  magnetization  states  ( +Mf  or  -M^). 

A  simplified  cross-sectional  view  of  the  phase  shifter  of  Figure  37  is  shown 
in  Figure  38.  As  discussed  in  Section  3. 2. 3,  in  the  normal  operational  mode  of  this 
phase  shifter  (i.e. ,  the  fundamental  TE  mode),  the  rf  magnetic  field  is  entirely  in  the 
plane  parallel  to  the  top  and  bottom  of  the  waveguide.  The  magnetization  in  the  top 
and  bottom  "crossbars"  of  the  toroid  is  principally  in  the  direction  parallel  to  the  top 
and  bottom  of  the  waveguide,  while  in  the  vertical  legs  the  magnetization  tends  to  be 
perpendicular  to  that  direction.  To  first  order,  when  the  incident  rf  magnetic  field 
and  the  direction  of  magnetization  of  a  sample  are  mutually  parallel,  there  is  no 
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Interaction  between  the  field  and  the  magnetization.  Therefore,  the  crossbars  of  the 
toroid  "look"  approximately  like  pieces  of  dielectric  to  the  incident  rf  field.  In  the 
vertical  legs  the  magnetization  is  normal  to  the  rf  magnetic  field  and  a  strong  inter¬ 
action  takes  place.  From  these  observations,  it  is  apparent  that  the  single  toroid 
ly^hing  phase  shifter  can  be  represented  by  the  twin  slab  model  shown  in  Figure  39. 
When  the  dielectric  core  and  the  ferrite  toroid  of  the  practical  device  have  the  same 
dielectric  constant,  that  value  is,  of  course,  used  for  the  dielectric  constant  of  the 
dielectric  load  of  the  model.  If  the  dielectric  constants  of  the  dielectric  core  and  the 
ferrite  are  different,  an  "effective"  dielectric  constant  is  used  for  the  dielectric  load 
of  the  model.  A  simple  procedure  for  computing  the  effective  values  of  dielectric 
constant  and  dielectric  loss  tangent  which  leads  to  quite  accurate  results  is  to  use 
volume  ratios.  That  is 


:  effective 


We  -  2W. 
5  4 


tan 6  ..  =  tand 

effective 


(-*)•-( 


Wc  -  2W. 
5 _ 4 


The  propagation  constant  equation  for  the  twin  slab  model  of  Figure  39  is 
given  as  equation  27  in  Section  3. 2. 1.  This  equation  has  been  solved  numerically  with 
the  aid  of  a  digital  computer.  The  numerical  solutions  for  a  number  of  interesting 
situations  are  presented  below  with  corroborating  experimental  data.  Both  the  theo¬ 
retical  and  the  experimental  data  are  presented  in  normalized  form.  Physical  dimen¬ 
sions  are  normalized  with  respect  to  the  free  space  wavelength  at  the  center  operating 
frequency.  Frequency  and  the  frequency  equivalents  of  static  magnetic  fields  and  of 
remanence  and  saturation  magnetizations  are  normalized  with  respect  to  the  center 
operating  frequency.  Differential  phase  shift  is  given  in  degrees  per  GHz-em.  To 
unnormalize  this  quantity  with  respect  to  frequency,  multiply  by  the  center  frequency 
in  GHz.  Losses  are  given  either  as  decibels  per  360  of  differential  phase  shift  or 
decibels  per  centimeter. 
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The  parameters  used  In  the  numerical  analysis  are 

U  ■  2JTf  =  center  frequency 
c  c 
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M  ®  — 7j —  =  normalized  saturation  magnetization 
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p 
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r  w„ 


TC 
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=  time  constant 


-  remanence  ratio 
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so 

it 

=  frequency  ratio 

c 

47TM 

8 

=  saturation  magnetization 

4JTM 

r 

-  remanence  magnetization 

Y  =  gyromagnetic  ratio 

4H  =  intrinsic  line  width 

Dielectric  constants  c'  ,  e\  and  €'  dielectric  loss  tangents  tan  6  ,  tan  <5,  and 

a  a  f  *  ad 

tan  df  apply  to  the  air,  dielectric  and  ferrite  regions,  respectively.  Normalized 

dimensions  W, ,  W_,  W.  and  W_  apply  to  the  slot  width,  waveguide  width,  toroid 
13  4  9 

wall  thickness  and  waveguide  height  respectively. 


Because  the  digital  phase  shifter  operates  in  a  remanence  state,  the  effective 
internal  field  is  determined  entirely  by  the  magnetocrystalline  anisotropy  field  and 
the  vf  demagnetizing  factors  of  the  domain  within  the  toroid.  To  establish  a  reasonable 
value  for  requires  some  understanding  of  the  domain  structure  of  the  material.  For 
material  geometries  which  lead  to  an  appreciable  remanence  ratio  (0. 5  or  greater), 
the  domain  structure  of  the  ferrite  will  most  likely  consist  of  a  few  large  domains  and 
some  smaller  domains  in  "unmagnetize'?”  parts  of  the  material.  Each  domain  may  have 
different  demagnetizing  factors,  and  in  each  domain  the  magnetization  will  exhibit  pre- 
cesslonal  resonance  at  a  characteristic  frequency  determined  by  the  anisotropy  field 
of  the  material  and  the  demagnetizing  fields. 


It  is  important  to  observe  that,  although  the  rf  demagnetizing  factors  at  the  surfaces 
of  the  ferrite  are  accounted  for  by  the  applied  boundary  conditions  in  the  solution  of 
the  boundary  value  problems,  the  rf  demagnetizing  factors  of  the  various  internal 
domains  are  not  included  by  that  procedure  and  must  be  accounted  for  in  the  average 
effective  field  H^.  In  this  model,  the  major  portion  of  the  resonance  losses  will  be 
determined  by  the  effective  field  of  the  largest  domains  whose  magnetizations  are 
oriented  orthogonal  to  the  rf  magnetic  field.  The  geometry  of  these  major  domains 
should  be  related  to  the  overall  sample  dimensions. 

Based  on  this  thought,  can  be  estimated  using  Kittel's  equation  and  the 
estimated  demagnetizing  factors  of  the  major  domain.  Because  the  applied  dc  magnetic 
field  is  identically  zero  Kittel's  equation  can  be  written  as 


r  _  .  i  r 

1  1/2 

IN  +  N  -  N  )  4ttM  I  1 

N  +  N  -  N  i47rM 

IV  x  x  z  /  sj  Q 

y  y  z'  sj 

■j^re  N  a  N  a  are  the  effective  demagnetizing  factors  arising  from  anisotropy  effects 
x  ’  y 

and  are  given  by: 
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Here  0  is  the  angle  the  magnetization  makes  with  a  <100 >  direction  of  the  crystallites 
as  measured  in  a  <110>  plane.  If  the  magnetization  is  assumed  to  lie  along  the  easy 
direction  of  a  negative  anisotropy  material,  the  resonance  equation  reduces  to: 
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where  N  hr*  been  set  equal  to  zero  In  accordance  with  the  toroidal  geometry. 

& 

The  parameter  K  ie  tee  first  order  magne  toe  ry  stall  ine  anisotropy  constant. 

K1 

For  a  typical  garnet  toroid  with  —  »  60  oe. ,  4ttM  =  1200  gauss,  and  a  length 

s 

to  width  ratio  of  10  to  1  for  the  toroid  legs,  the  estimated  effective  field  for  the 
major  domain  is 


Hj  ■  >/(80  +  120)  (80+  1080^ 

Hj  a  460  oe. 

The  damping  parameter  associated  with  these  domain  resonances  is  of  the 
conventional  form  and  it  included  in  the  resonance  equation  in  normalized  form  as 
a  damping  time  constant 

YAH 

TC - " —  , 

c 

where  AH  is  the  intrinsic  line  width  and  f  is  the  center  operating  frequency. 

c 

Since  the  intrinsic  line  width  appears  to  vary  directly  with  frequency  (as  will  be 
discussed  later),  the  damping  term  is  in  fact  a  constant  independent  of  frco^ency* 
and  tee  calculated  results  are  applicable  at  any  frequency. 

4.5. 1.1  Effects  of  Internal  Field  and  Magnetization  on  Phase  Shifter 
Performance .  The  experimental  data,  used  in  plotting  the  various  curves  which 
follow,  are  presented  in  Tables  V  and  VI  of  this  report  and  Tables  XII  and  XIV  of 
the  Final  Report  on  RADC  Contract  No.  AF-30(602)-3490.  In  Figures  40  and  41, 
the  theoretical  differential  phase  shift  and  loss  per  360°  of  differential  phase  shift 
for  a  latching  phase  shifter  are  shown  for  three  different  values  of  the  normalized 
effective  internal  field  as  functions  of  the  width  of  the  waveguide,  hot  addition,  the 
experimentally  observed  loss  «nri  differential  phase  shift  for  the  same  structure 
are  given.  It  is  encouraging  to  note  that  as  the  effective  field  approaches  the  value 
predicted  by  the  simple  arguments  given  above,  both  the  predicted  loss  and  differ¬ 
ential  phase  shift  for  the  structure  approach  the  observed  values  more  closely.  The 
theoretical  predictions  and  the  experimental  results  are  in  fact  in  excellent  agree¬ 
ment.  Figures  42  and  43  illustrate  the  effect  on  loss  and  differential  phase  shift  of 

variations  in  H  over  a  small  range  of  values  when  all  other  parameters  are  fixed. 

It  can  be  seen  that  loss  increases  more  rapidly  than  differential  phase  shift  as 
increases. 
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Figure  41.  Loss  Per  360°  Of  Differential  Phase  Shift  vs 
Normalized  Waveguide  Width  For  A  Latching 
Phase  Shifter  With  Effective  Internal  Field 
As  A  Parameter 
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1  -  Estimated  Value 

2  -  Normalized  to  Rr  =  0. 50 

3  -  Value  calculated  by  method  shown  in  Appendix  A 
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5ST  RESULTS  ON  MATERIALS  FROM  THE  FAMILY 


the  center  frequency  of  the  low  power  test  range 

3. 7  GHz,  5. 65  GHz  and  9. 0  GHz  at  S  band,  C  band  and  X  hanH 
respectively 


high  f/ower  test  frequencies 

3. 7  GHz,  5. 60  GHz  and  9. 375  GHz  at  S  band,  C  band  and  X  band 
respectively 


FIN'D* 
SCHEDU.  a 
•C/*r 


TABLE  VI. 


SMEC 

MO. 


BATCH 

SIZE 
I  «*•) 


61-4F 


0. 58MgO  *  O.OSMnO  •  0.36Fe_O, 


SMEC 

MO. 


16-20F 


0.58  MgO  •  0. 06MaO  •  0.36Fe  O 


COMfOSI  T  i  0* 


TABLE  VI. 


CWW8ITI0B 


3862B-1 


w,  =  0. 025A 

W3  =  0.  365 A  c 

W4  =  0.045  Ac 

W  =  0. 280X_ 
5  c 


Pf 


— w- 

ftic 

fan. 

■ItttCTK.r 
CONSTANT 
IS  NANO) 

«  iacto?! 

LINC  WIDTH 

AN 

S  DAM) 

4  rru% 

(GAUSS) 

mm 

CSUCIVt 

TIOD  N( 

IOC)  f40~) 

TAWS, 

%rit 

tw) 

*tri« 

10(1 

LOSS  1)00* 

dO'IOCH 

1 

l 

| 

mm 

mm 

1 

0-  88 

NV 

MM 

9 

MBft 

mm 

HHI 

■II 

mm 

mm 

0.92 

mm 

fl 

MR 

I- 

l 

mm 

mm 

1 

m 

MS 

riBciSB’ 

9 

1 

2.07 

107 

2770 

MB 

H9 

Hi 

1 

9 

12.9 

2.13 

512 

2065 

1 

wm 

0.64 

3 

8 

— 

■ 

2.23 

■ 

wm 

NM 

1.50 

NM 

NM 

kWPi 

■ 

H 

-  2.12 

wm 

ft  fi7 

NM 

mm 

l 

_ MM 

wfeffiP 

LND  (5. 0-6.5  Ghz)  DEVICE  TEST  RESULTS 


SIC 

AN. 

too 

DICLCCTRIC 

CONSTANT 

IS  DANOI 

«  »ACTOS 

LINE  WIDTH 

Ah 

K  DANO 

4ITM, 

1  GAUSS  1 

»r 

■3001 

E3 

RE9 

%r.t 

in) 

- 

>.rl«* 

IOC) 

10SJ/M0® 

AAUNCH 

) 

12.6 

2.44 

520 

2815 

0.44 

NM 

1.40 

1 

NM 

NM 

pp$22il 

db 

5  Ghz 

L_ 

2.38 

485 _ 

WM 

mm 

NM _ 

wm 

W  ^^a 

mm 

db 

5  Ghz 

L_ 

MR 

MS 

wm 

MS 

pa 

1 

wm 

MM 

MMIBU 

tir* — 

5  Ghz 

L_ 

MR 

H9 

wm 

ms 

BR9 

NM 

1.38 

NM 

NM 

- 

5  Ghz 

L_ 

■RM 

pa 

IRI 

tPii 

pa 

hpb* 

mU 

NM 

2.23 

595 

3365 

PB 

NM 

1.67 

NM 

NM 

MM 

JL 

| 

m 

_ MM 

nm 

_ MM _ 

ipjE^j i 

iCRTI 

ePL 

fQ  =  1. 35  GHz,  5. 65  GHz  and  9. 0  GHz  at  L  band,  C  band  and  X  band 


f  =  high  power  test  frequencies 
P 

=  5. 60  GHz,  and  9. 375  GHz  at  C  band  and  X  band 
ffc 
'f 

P  * 

Value  calculated  by  method  shown  in  Appendix  A 


4-53/54 


DIFFERENTIAL  PHASE  SHIFT  rOEGREES/CI*  -  GHz ) 


yiTrij 

■«  =  — — =  0.38 
uc 

»c  =  9  Gc 

Yin*. 

i  - - -=  0.19 

"c 

FM  =  1.0 

I,  =  0.023  Xc 
l3  =  0.3  Xc 
■4  =  0.04  Xc 
RS  =  0.294  Xc 


Rr  =  0.5 
=  10 

'd  =  ,6-° 

€\  =  16.0 

tan  da  =  0 

tan  dd  =  0.0005 

tan  i  |  =  0.0007 

Xc  =  3.  33  Cm 

HF  =  VARIABLE 

4  H  =  05  Oe. 


s  n 


v5’«'  M 

,  .  tr  $  » 


LOSS  PER  360°  OF  6IFFEREITSAL  PHASE  SHIFT  (IB  360°) 


=  c,  38 


UlM 


'r  q 


lc  =  0  Cc 

y4nlr 

I  - -  =  0.10 

W. 


FR  =  1.0 

I,  =  0.023  Ac 
l3  *  0.3  Ac 
«4  =  0.04  Ac 
«5  r  0.214  Ac 


Rr  -  O.S 

€t  8  1.0 
cd  =  IB.O 
€\  ±  16.0 
tin  0,  =  0 
tan  =  0.0005 
tin  6  f  =  0.0007 
Ac  =  3. 33  Cm 

HF  =  VARIABLE 
AH  =  65  Oi. 


0.7 


SSS8SSSSS8 


■■■■■■■■■■ 

■■■■■■■■■■ 

■■■■■HIES 


HI 


■■■■ 

■■■■ 


■■■■■■■ 
■■■■■■■ 
■*■■■■■■ 

IIISHIB 


HQMALIZEB  EFFECTIVE  IHTERRAL  FIELD 


0.20 


Figure  43.  Loss  Per  360  Of  Differential  Phase  Shift  vs 
Effective  Internal  Field  For  A  Latching  Phase 
Shifter 
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WhLe  it  appears  from  the  resuits  shown  in  Figures  40  and  41  that  to  obtain 
the  smallest  loss  per  360°  of  differential  phase  shift  one  would  prefer  a  waveguide 
width  of  less  than  0. 25  Ac,  it  will  be  shown  later  that  for  such  small  waveguide  widths 
it  ie  difficult  to  obtain  a  flat  response  of  differential  phase  shift  with  frequency. 

"igure  44  shows  the  calculated  contributions  to  the  total  loss  for  three 
different  sources  -  waveguide  wall  losses  or  copper  losses,  dielectric  losses,  and 
theoretical  magnetic  losses.  These  add  up  to  a  total  theoretical  loss  of  approximately 
0. 84  db  per  360  differential  phase  shift.  This  compares  with  approximately  0. 95  db 
per  360  of  phase  shift  as  shown  in  the  experimental  curve  for  a  thirty  percent  gado- 
substituted  YIG.  It  is  seen  that  the  theoretical  waveguide  losses  are  approxi¬ 
mately  0. 06  db,  the  dielectric  losses  are  approximately  0. 22  db  and  the  theoretical 
magnetic  losses  are  approximately  0. 54  db.  The  ability  to  predict  accurately  these 
various  losses  spearately  enables  us  not  only  to  predict  what  the  total  loss  will  be  but 
CV  al8°  to  study  016  infl«ence  of  the  different  parameters  on  the  separate  loss  mechanisms. 

C  For  this  particular  set  of  parameters,  it  would  indicate  that  reducing  the  magnetic  loss 

•  r>  8hould  1)0  016  Primary  goal.  This  would  be  accomplished  by  reducing  linewidth  or 
improving  other  contributors  to  the  magnetic  losses. 

’~re  45  Presents  calculated  values  of  loss  per  360°  of  differential  phase  shift 
for  a  ty  leal  configuration  as  a  function  of  the  normalized  saturation  magnetization. 

The  anisotropy  field  of  the  material  is  a  parameter  in  this  figure.  These  computed 
indicate  that  for  large  values  of  normalized  saturation  magnetization  the  loss 
i  360  of  phase  shift  increases  rapidly  as  we  approach  ferromagnetic  resonance  in 
ie  materi  .  The  proximity  to  ferromagnetic  resonance  is  influenced  by  the  value  of 
the  effective  internal  field  and  hence  anisotropy  field  of  the  material.  This  dependence 
on  anisotropy  field  is  quite  marked  as  evidence  by  the  variation  of  loss  with  this  para¬ 
meter  seen  in  the  curves  of  Figure  45.  At  lc  values  of  normalized  saturation  mag¬ 
i'  ization  loss  per  360  also  increases  rapidly.  This  increase  is  due  to  the  fact  that 
the  differential  phase  shift  per  unit  lengths  obtained  for  small  values  of  m  is  low 
(proportional  to  R,  ny,  while  the  insertion  loss  per  unit  length  is  relatively  constant, 
since,  for  low  m^  values,  the  loss  is  primarily  deter  mired  by  dielectric  and  copper 
log 60S • 
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Figure  44.  Separation  of  Losses  In  A  Latching  Phase  Shifter 
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Figure  46  it  a  plot  of  experimentally  measured  values  of  loss  per  360  of 
differential  phase  shift  as  a  function  of  the  normalized  saturation  magnetization  m 

s 

far  low  m(  values.  These  results  can  he  compared  to  the  alculated  curves  in 

Figure  45.  The  minimum  in  LP360  in  the  vicinity  of  mg  =  0.6  agrees  reasonably  well 

with  the  data  for  the  100  oersted  anisotropy  field  of  Figure  45.  The  principal  feature 

noted,  i.e. ,  the  rather  sharp  increase  in  loss  at  normalized  saturation  magnetization 

values  less  than  0. 4  is  obviously  in  agreement  with  the  results  of  Figure  45.  The 

data  presented  in  Figure  46  are  the  results  of  measurements  taken  in  three  different 

frequency  bands.  Figure  47  illustrates  the  variation  of  loss  with  frequency  in  C  and 

X  band  for  a  magnesium  manganese  ferrite  having  a  47TM  of  2064  gauss.  The  sharp 

8 

rise  of  loss  with  decreasing  frequency  in  C  band  is  due  to  the  proximity  of  resonance. 


These  data  axe  replotted  in  Figure  48  in  a  form  more  nearly  equivalent  to 
that  of  Figure  45.  The  similarity  between  the  shapes  of  these  curves  is  obvious. 

The  more  gradual  up  turn  in  the  curves  of  Figure  45  is  probably  due  to  the  vastly 
different  scale  of  loss.  This  magnesium  manganese  ferrite  has  an  anisotropy  field 
greater  than  600  oersteds  and  therefore  the  loss  curve  of  Figure  48  lies  above  any  of 
those  of  Figure  45. 


The  variation  of  differential  phase  shift  (for  a  typical  configuration)  as  a 
function  of  normalized  saturation  magnetization  for  a  remanence  rauo  of  0. 5  and  an 
anisotropy  field  of  100  oersteds  is  shown  in  Figure  49. 
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Figure  49.  Variation  of  Differential  Phase  Shift  as  a  Function  of 
Normalized  Saturation  Magnetization 


4.5. 1.2  Effects  of  Line  width  On  Loss.  Figures  50,51,  and  52  highlight  the 
results  of  a  study  of  magnetic  loss  as  a  function  of  resonance  line  width.  The  results 
of  tills  study  have  shown  that  magnetic  loss  in  a  remanent  state  ferrite  is  directly 
related  to  the  intrinsic  line  width  of  the  materials.  In  Figure  50  both  calculated  aid 
experimental  results  are  presented  showing  the  X  band  loss  for  each  of  the  two 
remanent  states  as  a  function  of  intrinsic  linewidth  dH  .  The  loss  for  both  states  is 
seen  to  Increase  linearly  with  linewidth.  The  differential  loss  between  remanent 
states  also  increases  with  increasing  dIT .  For  dH  greater  than  about  100  oersteds 
the  differential  loss  in  this  configuration  ij  large  enough  to  be  bothersome  in  phase 
shifter  applications,  fhe  materials  used  to  obtain  the  experimental  data  shown  in 
Figure  50  were  yttrium  dysoprosium  aluminum  iron  garnet: 

(8%  Al,  10%  Dy,  dH  ±  380  oe. ),  yttrium  dysprosium  aluminum  iron  garnet 
(8%  Al.  4%  Dy,  d  H  *  160  oe. ) ,  yttrium  dysprosium  aluminum  iron  garnet 
(8%  Al,  2%  Qy,  d  H  ^  100  oe. ),  yttri  un  gadolinium  iron  garnet  (30%  Gd, 
dH  A  70  oe. ),  yttrium  aluminum  iron  garnet  (5%  Al,  d  H  *  15  oe. ).  The  data 
points  have  been  normalized  to  correspond  to  a  remanence  rat'.o  of  one-half.  For  these 
materials  excellent  correlation  is  obtained  between  experimental  losses  and  those 
calculated  using  the  intrinsic  resonance  linewidth.  However,  the  linewidth  normally 
measured  for  polycrystalline  materials  in  the  inhomogeneously  broadened  linewidth, 
not  the  intrinsic  linewidth  per  se.  What  then  is  the  relationship  of  the  intrinsic 
linewidth  to  the  polycrystalline  linewidth? 

The  linewidth  observed  on  polycrystalline  forrimagnetic  materials  arises  from 
several  different  sources.  The  various  line  broadening  mechanisms  can  bo  categorized 
as  intrinsic  damping,  porosity  broadening,  and  anisotropy  broadening.  Obviously, 
all  damping  mechanisms  are  line  broadening  mechanisms  since,  in  the  absence  of 
damping,  the  resonance  line  is  infinitely  narrow. 
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Figure  51.  C  Band  Loss/3600  Versus  Poly  crystalline  Line- 
width.  Experimental  Data  obtained  in  the 
Configuration  shown  in  Table  V 
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Figure  52.  S  Band  Loss  Per  360°  Vs  Poiycrystalline  Linewidth. 

Experimental  data  obtained  in  the  configuration  shown  in  Table  V 
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Intrinsic  damping  contributes  to  the  linewidth  that  is  observed  on  pure 
■tafia  orjrstals,  free  from  wrtaoe  effeots  and  so  forth.  This  oertalnly  repre- 
•Mto  a  lower  limit  on  polyorystalline  linewidth.  as  all  other  effeots  will  broad¬ 
en  this  intrinsic  resonanoc  linewidth.  The  intri^fin  linewidth  of  a  polyorystal- 
line  ■ample  is  the  seme  as  the  lntrinsio  linewidth  of  a  single  crystal  sample  of 
the  earns  material  and  of  etyial  purity.  The  equal  purity  should  be  kept  in  mind 
etaoe  lower  purity  oaddee  (88. 9)  are  normally  used  in  polyorystallins  materials 
than  are  used  in  single  crystal  work  (99. 9999).  htrtasio  linewidth  is  rather 
intimately  related  to  the  spin  wave  linewidth,  d!^.  hi  fact,  as  a  good  approxi¬ 
mation,  one  oan  take  d!^  to  be  equal  to  the  lntrinsio  dH  at  the  same  frequenoy. 
A  frecpienoy  dependence  of  intrinsic  linewidth  has  been  observed  on  many  single 
oryetal  samples  aid  some  polyorystals.  The  observed  shape  of  the  loss  curve 
end  tiie  frequency  dependence  of  linewidth  for  losses  due  to  intrinsic  damping 
are  in  excellent  agreement  with  the  predictions  of  the  Landau-Lifshlts  loss 
formulation. 

Intrinsic  Ilnewidths  vary  withly.  Prime  examples  are  found  in  the  gar- 
aet  family.  For  example,  pure  yttrium  iron  garnet  single  orystals  may  have 
ilnewidths  of  a  few  tenths  of  an  oersted,  while  the  yttrium  dysprosium  iron 
garnets  may  have  Ilnewidths  of  several  thousands  of  oersteds.  In  fact  in  the 
rare  earth  garnets,  lntrinsio  Ilnewidths  are  ao  broad  that  the  single  and 
pclyoryetalllne  samples  exhibit  essentially  the  same  linewidth  —  all  other  con¬ 
tributing  factors  being  almost  negligible.  This  daminanoe  of  the  lntrinsio  damp¬ 
ing  also  manifests  itself  in  the  observed  frequenoy  dependence  of  the  polyorystal- 
line  linewidth  of  rare  earth  and  even  of  rare  earth  doped  garnsts.  Thus,  the 
linewidth  of  a  heavily  dysprosium  doped  yttrium  iron  garnet  may  show  a  narked 
frequency  dependence.  When  intrinsic  damping  is  dominant,  X  band  Ilnewidths 
may  actually  be  several  times  larger  than  L  or  S  band  Ilnewidths. 

Corruption  or  porosity  broadening  ooours  in  all  polyorystallins  samples 
to  some  extent.  The  more  porous  or  less  dsnse  a  polyorystallins  sample  is, 
the  broader  will  be  its  resonance  linewidth.  Porosity  broadening  will  contribute 


a  line  broadening  proportional  to  the  percent  porosity  and  to  the  saturation  magneti¬ 
zation.  Porosity  broadening  seems  to  be  independent  of  frequency. 

Anisotropy  broadening  has  long  been  recognized  as  a  source  of  linewidth 
in  polycrystalline  materials.  Since  each  grain  or  crystallite  may  have  its  crystallo¬ 
graphic  axes  aligned  different  from  its  neighbor,  the  effective  anisotropy  field  varies 
from  one  grain  to  the  next.  Thus,  each  grain  will  resonate  at  slightly  different 
field  values,  and  this  spread  in  effective  field  values  gives  rise  to  a  spreading  out  of 
the  resonance  loss.  This  type  of  line  broadening  is  independent  of  frequency  and  is 
the  dominant  mechanism  in  many  common  ferrites  and  garnets. 

In  summary,  poly  crystalline  linewidth  of  many  ferrites  and  garnets  is  determined 
predominately  by  anisotropy  broadening  and  is  rather  independent  of  frequency.  In 
very  porous  samples,  porosity  broadening  may  be  the  dominant  mechanism.  It,  too, 
is  independent  of  frequency.  In  some  rare  earth  doped  garnets  (or  single  crystals 
of  other  materials),  intrinsic  damping  may  be  the  dominant  mechanism,  and  this 
linewidth  will  vary  almost  linearly  with  frequency.  The  appropriate  linewidth  to  use 
in  calculating  magnetic  losses  far  from  resonance  appears  to  be  the  intrinsic 
linewidth.  As  pointed  out  above,  fo?  some  materials,  such  as  the  rare  earth  doped 
garnets,  the  poly  crystalline  linewidth  is  almost  identical  to  the  intrinsic  linewidth. 

In  particular,  this  is  true  for  the  dysprosium  and  gadolinium  doped  garnets  whose 
test  results  are  compared  in  Figure  50,  i.  e. ,  dHpoiyCrystaHine  -  intrinsic 
these  materials.  The  two  materials,  which  have  no  rare  earth  doping,  have 
polycrystalline  linewidths  of  30  to  40  oersteds  and  intrinsic  linewidths  of  10  to  15 
oersteds.  Thus,  In  Figure  50  the  apparent  correlation  between  computed  and  measured 
values  would  have  been  equally  as  good  if  the  losses  had  been  plotted  as  a  function 
of  polycrystalline  rather  than  intrinsic  linewidth.  On  the  other  hand,  materials  such 
as  magnesium  manganese  ferrite  have  poly  crystalline  linewidths  of  the  order  of 
500  oersteds  and  intrinsic  linewidth  of  the  order  of  10  oersteds.  With  such  large 
differences  between  the  two  types  of  linewidth  it  is  easy  to  distinguish  which  linewidth 
is  proper  to  use  in  calculating  losses.  For  example,  a  magnesium  manganese 
ferrite  (83-8F)  with  a  poly  crystalline  linewidth  of  512  oersteds  and  an  estimated 
intrinsic  linewidth  of  10  oersteds  has  been  tested  in  X  band  (see  Table  VI  and 
Figure  48).  The  measured  loss  per  380°  of  differential  phase  shift  was  about 
0. 6  db/380°.  The  calculated  Iosb  based  on  the  poly  crystalline  linewidth  of  512 
oersteds  is  about  8  db/360°,  while  the  calculated  loss  based  on  an  intrinsic 
linewidth  of  10  oersteds  is  about  0.  45  db/360°.  Dielectric  and  waveguide  copper 


I oiveis  are  included  in  the  calculated  values  but  not  losses  due  to  reflections, 
charging  wire,  glue,  etc.  Obviously,  the  computation  based  on  intrinsic  linewidth 
again  is  In  very  good  agreement  with  measured  results,  while  the  computation 
based  on  polycrystalline  linewidth  leads  to  losses  much  higher  than  those  measured. 
Thus,  the  conclusion  is  that  magnetic  loss  in  remanent  state  ferrlmagnetic  materials 
is  directly  related  to  intrinsic  linewidth  and  can  be  accurately  predicted  from  that 
and  other  material  parameters  utilizing  the  models  and  analysis  techniques 
presented  in  Section  3. 

The  data  presented  in  Figures  51  and  52  show  the  dependence  of  loss  on  line- 
width  for  several  materials  as  measured  in  C  and  S  bands,  respectively.  These  re¬ 
sults  can  be  compared  with  the  cmta  shown  in  Figure  50.  Again,  in  every  case,  an 
approximate  linear  dependence  of  loss  on  linewidth  is  observed.  These  materials  are 
all  garnets  and  in  the  broad  linewidth  cases  have  considerable  dysprosium  doping. 

In  the  intermediate  linewidth  range  they  contain  both  small  dysprosium  and  gadolinium 
dopings.  It  is  interesting  to  note  that  these  curves  are  very  nearly  equal  for  the  three 
frequency  bands.  The  linewidth  axis  in  Figures  51  and  52  is  the  X  band  measured 
polycrystalline  linewidth.  For  many  of  these  materials  the  intrinsic  and  polycrystalline 
linevldths  are  essentially  identical.  However,  these  data  will  later  be  replotted  as 
a  function  of  the  proper  Intrinsic  linewidth  for  each  frequency  band.  The  experimental 
data  shown  in  Figures  50,  51,  and  52  of  loss  versus  linewidth  were  taken  for  normalized 
saturation  magnetization  values  between  0. 4  and  0. 8  when  the  dependence  on  magneti¬ 
zation  is  relatively  insignificant  (see  Figure  45). 

4. 5. 1. 3  Effects  of  Dimensional  Changes  and  Dielectric  Loading.  For  a  given 
set  of  Intrinsic  ferrite  parameters,  the  other  parameters  of  a  phase  shifter  structure 
can  be  selected  to  optimize  performance  in  term',  of  maximum  phase  shift  per  unit 
loos,  maximum  phase  shift  per  unit  length,  minimum  change  in  phase  shift  with  fre¬ 
quency,  etc.  The  following  figures  illustrate  how  the  configurational  parameters 
affect  performance  characteristics.  Both  calculated  and  measured  data  are  given  where 
available.  Excellent  correlation  of  experimental  and  analytical  results  is  obtained. 

Figure  53  presents  the  variation  of  differential  phase  shift  with  dielectric  core 
thicKness  for  several  values  of  core  dielectric  constant.  It  can  be  seen  that  by  proper 
choice  of  core  width  and  dielectric  constant  it  is  possible  to  maximize  the  differential 
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figure  53.  Differential  Phase  Shift  vs  Normalized  Thickness 
Of  Dielectric  Load  With  Load  Dielectric  Constant 
As  A  Parameter 
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Figure  54.  Comparison  of  Performance  of  a  Typical  Ferrite  and 
a  Typical  Garnet  in  a  FDPS 


phase  shift  per  unit  length.  For  the  example  shown,  this  maximum  occurs  with  a  die 
lectric  constant  of  16  and  a  normalized  core  width  of  0. 025. 


Figure  54  compares  a  typical  ferrite  material  to  a  typical  garnet  material. 

The  dielectric  constant  of  the  load  is  13  for  the  ferrite  case  and  16  for  the  garnet  case. 
Differential  phase  shift  and  loss  per  360°  are  plotted  as  a  function  of  slot  width  with 
waveguide  width  =  0. 5AC.  It  is  seen  that,  although  the  garnet  material  produces 
more  differential  phase  shift ,  its  loss  per  360°  is  also  slightly  more  than  in  the  case  of 
the  ferrite.  It  is  also  seen  that  differential  phase  shift  in  the  garnet  material  peaks 


ZCOrrn 


out  of  a  value  of  Wj  =  0. 025AC,  while  W„  =  0. 04A  c  gives  maximum  phase  shift  lu  the 
case  of  the  ferrite.  However,  minimum  loss  per  360°  is  achieved  with  a  value  of 

W1  =  °* 020 'c  in  both  *e  garnet  and  the  ferrite,  which  yields  0. 64  db  for  the  garnet  and 
0. 62  db  for  the  ferrite. 

The  variation  of  differential  phase  shift  with  frequency  can  be  controlled  to 
some  extent  by  proper  selection  of  waveguide  width  and  dielectric  load  thickness. 

Figures  55  and  56  show  the  frequency  variation*  of  differential  phase  shift  for  several 
values  of  waveguide  width  and  of  dielectric  load  thickness,  respectively.  It  can  be 
seen  that  in  either  case  there  are  values  of  Wg  and  W1  that  yield  a  differential  phase 
shift  which  Is  essentially  independent  of  frequency  over  a  wide  band  of  frequencies. 

For  example,  from  Figure  55  a  waveguide  width  of  0.3  Ac  and  core  thickness  of  0.023  A 

c 

leads  to  a  flat  phase  shift  with  frequency  when  the  other  parameters  cf  the  structure 
are  as  shown. 

The  slope  of  the  phase  shift  curve  is  quite  important  in  vnany  applications. 

Phase  slope  is  defined  as  the  change  in  differential  phase  shift  over  a  0. 1  increment 
in  normalized  frequency  centered  at  the  operating  frequency.  Figures  57  and  58  show 
phase  slope  as  a  function  of  waveguide  width  with  core  thickness  as  a  parameter. 
Comparing  the  two  figures,  it  can  be  seen  that  other  factors  remaining  constant,  in¬ 
creasing  the  dielectric  constant  of  the  core  means  that  smaller  waveguide  widths  must 
be  used  to  obtain  zero  phase  slope.  For  example,  if  the  core  dielectric  constant  is 
1. 0,  then  a  waveguide  width  of  0. 41  Afi  and  a  core  thickness  of  0. 038  A  will  yield  flat 
phase  with  frequency  If  the  core  dielectric  constant  is  increased  to  16. 0  and  the  core 

thickness  is  maintained  at  0. 038 Ac,  then  the  waveguide  width  must  be  reduced  to  0.32  A  „ 

c 

to  obtain  zero  phase  slope. 

From  the  data  contained  in  the  above  figures  it  is  possible  to  derive  a  con¬ 
figuration  which  will  have  a  maximum  phase  shift  per  unit  loss  with  the  added  constraint 
that  the  phase  slope  be  zero.  For  a  typical  garnet  material  having  a  dielectric  constant 
of  16,  this  optimum  configuration  would  be: 

Waveguide  width  Wn  =  0. 365  X* 

3  ® 

Dielectric  core  thickness  =  0. 025  X0 
Toroid  wall  thickness  W4  =  0. 045^ 

Core  dielectric  constant  =  16 

This  basic  configuration  is  the  one  now  used  in  the  experimental  evaluation  of  materials. 
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Figure  58.  Phase  Slope  vs  Normalized  Waveguide  Widt 

Dielectric  Load  Thickness  As  A  Paramete 
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4. 5. 2  Below  Resonance  Operation  of  FDPS 


A  helical  line  phase  shifter  on  loan  from  Mr.  D.  H.  Temme  of  MIT  Lincoln 

Laboratories,  is  shown  in  Figure  59.  A  cutaway  has  been  made  to  show  a  portion  of 

the  circuit  including  the  helix,  ferrite  toroid  and  the  toroid  charging  wire.  A  more 

16 

complete  description  of  this  device  is  given  elsewhere. 

Three  aluminum  substituted  YIG  materials  were  tested  in  this  structure  in  the 
latched  condition: 


G-289-6J 

YIG 

G-290-R 

0.  03  A /  +  YIG 

G-404-J 

0.  05  A  /  YIG 

Figure  59.  Helical  Phase  Shifter  Structure  used  for  Magnetic  Loss  Measure¬ 
ments 


(. 

r 


C 

ro 


16  Final  Report  "Development  of  Helical  Phase  Shifters",  prepared  for  MIT  Lincoln 
Laboratories  on  Subcontract  No.  250,  Prime  Contract  No.  AF19(628)-500,  December 
1964,  Pg.  71. 
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Figure  60  shows  the  magnetic  loss  corresponding  to  the  two  remanent  states 

+M  and  -M  in  a  YIG  toroid  (4  7TM  »  1780  gauss).  The  toroid  length  was  0. 470  inches, 
r  r  8 

Resonance  occurs  at  about  2400  MHz  and  2500  MHz  in  the  two  states,  respectively. 

The  increases  in  loss  seen  at  3800  MHz  and  the  scattering  of  the  data  points  near 
resonance  cannot  be  explained  at  this  time  but  may  be  due  to  structural  anomalies. 

Figure  61  shows  the  losses  corresponding  to  +M  and  -M  in  a  1-inch  long  sample 

r  r 

of  3  percent  aluminum  substituted  YIG  (4  7TM  a  1600).  The  material  resonates  at 

s 

2050  MHz  and  2200  MHz  respectively  in  the  two  states,  and  the  losses  decrease 
smoothly  to  about  2  db  at  3800  MHz. 

Figure  62  shows  the  +M  and  -M  losses  for  a  1-inch  long  toroid  made  from 

r  r 

5  percent  aluminum  substituted  YIG  with  a  47TM^~  1325  gauss.  The  resonance  fre¬ 
quencies  are  2000  MHz  and  1950  MHz  respectively. 

In  both  Figures  61  and  62  it  is  clearly  seen  that  the  losses  designated  +M^ 

are  greater  than  those  designated  -M^  at  resonance  but,  at  frequencies  below  resonance, 

they  cross  and  the  -M  losses  are  greater  than  the  +M  losses.  The  +M  lire  is  seen 

r  r  r 

to  tail  out  more  gradually  at  the  high  frequency  side  of  resonance,  while  the  -M^  line 

tails  out  more  gradually  at  the  low  frequency  side.  This  basic  difference  in  the  shapes 

of  the  resonance  lines  may  be  related  to  the  difference  in  the  effective  permeability  of 

the  two  remanent  states.  The  effective  permeability  corresponding  to  +M  and  -M 

r  r 

would  be  expected  to  give  rise  to  different  degrees  of  loading  in  the  structure. 

Figure  63  shows  the  below  resonance  (frequency)  nonreciprocal  differential 
phase  shift  per  inch  measured  on  the  three  materials,  YIG,  3  percent  aluminum  sub¬ 
stituted  YIG,  and  5  percent  aluminum  substituted  YIG  (G-289,  G-290  and  G-404  re¬ 
spectively).  The  respective  phase  shifts  of  these  materials  are  seen  to  be  roughly 
40  degrees/inch,  50  degrees/inch  and  55  degrees/inch.  Whether  this  differential 
phase  shift  is  due  tD  differences  in  the  field  displacements  associated  with  +Mf  and 

-M  ,  which  is  the  usual  cause,  or  to  possible  differences  in  H,  is  not  clear  at  this 
r  i 

time.  It  should  also  be  noted  that  the  measured  differential  phase  shift  here  decreases 

with  increasing  magnetization.  This  may  follow  from  the  fact  that  differential  phase 

shift  in  this  mode  of  operation  depends  on  the  proximity  of  the  resonance  frequency  to 

the  operating  frequency,  and  the  resonance  frequency  in  turn  is  a  function  of  47TM  . 
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Magnetic  Loss  Versus  Frequency  for  G-289-6J  in  the  Helix 
Structure 


Figure  80. 


MATERIAL:  G-289-65  YIG 
UrrM,  •  1780  GAUSS 

4»rMr  ■  1438  GAUSS 
i  >  0.470  INCH 


1.0 

mts 


I 


1.0  1.4 

MMB 

Figure  61. 


1.8  2.2  2.6  3.0  J.M  J.8 

FREQUENCY  (GHz) 

Magnetic  Loss  Versus  Frequency  for  G-290R  in  the  Helix 
Structure 


MATERIAL:  G-290-R. 

3*  A/  k  YIG 

4n-Ms  >  1600  GAUSS 
4  jrMr  «  1202  GAUSS 
AH  =  30  OERSTEDS 
/  -  1.0  INCH 


LOSS  PER  INCH  (10/INCH) 


The  observed  slight  decrease  in  phase  shift  with  increasing  frequency  is 
probably  connected  with  the  fact  that  maximum  nonreciprocal  phase  shift  in  a  helix 
structure  occurs  when  the  length  of  the  helix  turns  is  an  odd  multiple  of  A/4.  Since 
the  length  of  the  helix  turns  in  this  case  was  chosen  to  be  3  X/4  at  3000  MHz,  then 
maxima  in  the  nonreciprocal  phase  shift  should  occu.'  at  1000  MHz, 3000  MHz,  5000  MHz, 
etc. ,  while  minima  should  occur  at  2000  MHz,  4000  MHz,  etc.  Thus,  phase  shift  due 
solely  to  the  helix  should  decrease  with  frequency  from  1000  MHz  to  2000  MHz.  This 
decrease  is,  of  course,  offset  to  some  extent  by  the  increase  that  occurs  as  the 
resonance  in  the  material  is  approached.  The  cyclic  variation  in  phase  shift  is  felt  to 
be  due  to  dimensional  effects. 

The  losses  shown  in  Figure  63  are  those  corresponding  to  -M  ,  representing , 

r 

therefore,  the  maximum  loss  over  the  xange  for  which  phase  shift  could  be  measured. 

The  preliminary  data  shown  here  leave  much  room  for  improvement  before  below 
resonance  operation  can  be  extended  to  a  device  development  state.  The  results  are 
cerfiainly  encouraging,  however,  and  because  of  the  potential  improvement  this  type 
of  operation  may  yield  in  high  power  applications,  it  will  be  further  pursued.  Further 
investigations  of  this  type  of  operation  will  be  made  in  the  waveguide  structures  shown 
in  Section  4. 4. 

4.5.3  High  Power  Characteristics  of  FDPS 

ro 

The  conclusions  drawn  from  the  discussion  of  peak  power  effects  in  remanent 
state  ferrites  (Section  3. 2. 2)  are  that  the  peak  power  handling  capacity  of  a  material 
at  a  given  frequency  can  be  increased  by  increasirg  the  spinwave  linewidth  4H 

K 

(perhaps  by  rare  earth  doping)  or  by  decreasing  the  saturation  magnetization  (perhaps 
by  aluminum  doping).  With  these  conclusions  as  a  guide,  materials  have  been  se¬ 
lected  for  evaluation  which  should  lead  to  a  good  understanding  of  the  material  pro¬ 
perties  required  for  obtaining  high  peak  power  thresholds  in  L,  S,  C  and  X  bands. 

Tables  V  and  VI  provide  a  list  of  high  power  data  on  a  number  of  materials  tested  in 
X,  C,  and  S  bands.  The  tables  also  give  microwave  and  square  loop  properties  of 
the  materials  listed  and  low  power  phase  shifter  performance  data  on  the  material. 

The  configuration  used  in  the  testing  are  also  shown  in  the  tables. 
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Figure  64  presents  a  graphical  summary  of  the  currently  available  results 
of  high  power  measurements  performed  on  a  variety  of  materials.  The  left-hand 
ordinate  gives  the  threshold  values  of  the  rf  magnetic  field,  h^.  These  values  were 
calculated  from  tie  measured  threshold  power  levels.  The  four  right-hand  ordi  mtes 
specify  the  corresponding  threshold  power  levels  in  L,  S,  C  and  X  bands.  These 
threshold  power  levels  are  the  calculated  values  of  peak  power  levels  required  to 
generate  the  given  rf  critical  field  value  in  a  typical  waveguide  nonreciprocal  phase 

shifter. 

The  data  given  in  Figure  64  is  in  good  agreement  with  the  results  expected 
from  predictions  based  on  the  domain  model  for  peak  power  effects  presented  in 
Section  3. 2. 2.  The  threshold  field  obviously  increases  with  decreasing  saturation 
magnetization. 

Thcs  dotted  curve  illustrates  the  way  in  which  h^  would  vary  according  to 
the  equation  w4Hk 

hcrit  =  V47TM 

8 

which  assumes  that  low  k  spinwaves  are  always  available  at  half  the  operating  frequency. 

At  low  values  of  saturation  magnetization,  the  dependence  on  mg  (=  y47TMg/f)  is  clearly 

much  stronger  than  this  simple  inverse  relation.  As  pointed  out  in  Section  3.  2. 2  for 

normalized  saturation  magnetization  values  less  than  about  0.3  the  relative  position 

of  the  spinwave  manifold  is  such  that  (for  even  the  most  unfavorable  domains)  only 

high  k  half-frequency  spinwaves  are  available  (see  Figure  5  ).  Since  the  spinwave 

linewidth  appears  to  vary  as  dHk=  A  +Bk2,  the  restriction  of  scattering  to  high  k 

spinwaves  causes  a  rapid  increase  in  dHR  (and  h^)  as  the  normalized  magnetization 

m  decreases  in  the  vicinity  of  0.  S. 
s 

This  increase  in  h  is  observed  to  be  sharper  or  more  abrupt  Ir.  the  case 
crit 

of  the  aluminum  doped  YIG  than  for  the  rare  earth  doped  garnets.  This  difference  can 

be  easily  explained  in  terms  of  the  A  and  B  coefficients  of  the  terms  that  make  up 

4H  or  4H  .  For  yttrium  and  aluminum  doped  garnets,  the  A  term  is  very  small 
k  int 

so  that  the  intrinsic  linewidth,  and  henee  h^  is  very  sensitive  to  changes  in  the 
second  of  Bk2  term.  In  the  rare  earth  doped  garnets,  the  A  term  is  considerably 
larger  so  that  the  variation  of  the  Bk2  term  with  mg  is  felt  more  gradually. 
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(KILOWATTS) 


L  S  C  I 

,  IANO  band  band  bano 


■,  *  Njrlj/fp 


Figure  84.  Ferrite  Critical  Field  Dependence  on  the  Frequency 
Normalized  Saturation  Magnetization  for  Aluminum 
and  Gadolinium  Substituted  YIG.  Experimental 
Data  from  the  Configuration  d  Table  V 
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For  a  fixed  value  of  mg(e.  g.  mg  =  0. 6),  the  measured  value  of  is 

seen  to  vary  almost  directly  with  dH.  or  4H,  .  .  .  Thus,  the  threshold  field  varies 

J  J  k  intrinsic 

almost  directly  with  gadolinium  (or  any  rare  earth)  substitution  for  all  m  values. 

s 


It  should  be  kept  in  mind  that  increasing  dH^ 


(and  therefore  dH 


Intrinsic 


)  will  also 


cause  an  increase  in  the  insertion  loss. 


The  data  shown  in  Figure  65  were  taken  on  a  single  dielectrically  loaded 
ferrite  slab.  The  configuration  simulates  a  dielectrically  loaded  ferrite  toroid  where 
the  ferrite  slab  represents  one  leg  of  the  toroid.  These  data  were  taken  to  indicate 
the  type  of  dependence  of  critical  power  level  (pcrlt)  observed  as  a  function  of  effective 
bias  field. 

j 

I 

In  the  initial  region  (for  applied  fields  less  tjhan  about  50  oersteds)  the  material 
is  essentially  unsaturated  and  as  a  result  certain  portions  of  it  (Polder-Smit  domains) 
have  high  effective  bias  fields  which  raise  the  sp inwove  manifold  so  that  intermediate 
and  low  k  spinwaves  are  degenerate  with  one-half  the  operating  frequency.  As  the 
material  is  saturated  and  these  Polder-Smit  domaiiis  r.re  wiped  out,  PcrJt  increases 

due  to  the  fact  that  now  the  splnwave  manifold  for  ajll  regions  of  the  ferrite  has  been 

I 

lowered  so  that  no  intermediate  or  low  k  spinwavea  are  degenerate  with  one-half  the 
operating  frequency.  This  is  the  same  operation  Region  where  the  low  47tM  digital 

i  8 

phase  shifters  operate.  As  the  applied  field  continues  to  increase  the  low  k  portion  of 

the  splnwave  manifold  is  raised  until  it  becomes  degenerate  with  the  operating  frequency 

and  at  that  Doint  P  decreases.  As  the  applied] field  is  still  further  increased, 
crit  I 

eventually  the  point  will  be  reached  where  the  ha|f -frequency  point  is  below  the  entire 
splnwave  manifold  and  then  a  very  strong  increase  in  pcrlt  would  be  observed  with 
applied  field.  These  measurements  do  not  extend  to  sufficiently  high  applied  fields  to 
reach  this  final  state. 


Figure  66  shows  the  loss  and  phase  shift  versus  applied  field  for  the  same 

dielectric  loaded  single  slab  configuration.  It  is  seen  that  the  differential  phase  shift, 

o 

which  is  the  difference  in  the  two  phase  shift  nulls  shown,  is  approximately  150  at 
about  50  oersteds  of  applied  dc  magnetic  field.  This  would  be  approximately  the  con¬ 
dition  seen  by  a  ferrite  toroid  in  the  remanent  state.  The  phase  shift  is  then  seen  to 
increase  rapidly  to  a  value  of  approximately  300°  at  an  applied  field  of  approximately 
200  oersteds.  For  further  increases  in  applied  field,  no  appreciable  increase  in  phase 
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Figure  65.  Critical  Power  Level  Variation  with  Applied  DC 
Magnetic  Field  in  a  Dielectrically  Loaded 
Ferrite  Slab  Configuration. 
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Figure  66.  Loss  and  Phase  Shift  Versus  Applied  Field  in 

the  Dielectric -Loaded  Ferrite  Slab  Configuration 
shown  in  Figure  65. 
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shift  is  seen  over  the  range  of  dc  magnetic  field  values  shown.  The  loss  shown  here 
includes  the  loss,  not  only  of  the  phase  shifter,  but  also  that  due  to  the  unbalance  of 
the  bridge  used  for  these  measurements.  Since  the  latter  loss  amounts  to  approximately 
0.40  db,  loss  of  the  phase  shifter  itself  is  teen  to  be  approximately  0. 7  db  from 
approximately  0  to  1400  oersteds  of  applied  dc  magnetic  field.  Thus,  this  configuration 
would  yield  approximately  1. 20  db  per  360°  of  phase  shift  at  50  oersted  applied  field. 

Considerable  insight  into  the  adjustment  of  ferrite  material  parameters  to 
control  peak  power  effects  in  digital  phase  shifters  has  been  provided  by  the  initial 
results  of  the  experimental  and  theoretical  studies  discussed  above.  This  insight  has 
served  as  the  basis  for  the  synthesis  of  operational  high  peak  power  phase  shifters  in 
various  frequency  bands.  For  example,  operational  S  band  phase  shifters  have  been 
synthesized  having  peak  power  capabilities  of  the  order  of  80  to  100  kw. 

Operational  high  power  phase  shifters  often  have  stringent  constraints  or 
physical  length  and  low  power  insertion  los  s  as  well  as  the  high  powor  capability 
requirement.  A  price  mus  t  always  be  paid  to  obtain  high  peak  power  capability.  If 
the  desired  peak  power  threshold  is  obtained  by  using  a  low  normalized  saturation 
magnetization,  the  device  will  of  necessity  be  longer  than  if  a  higher  saturation  magneti¬ 
zation  material  could  be  used,  because  for  a  given  remanence  ratio  differential  phase 
shift  is  directly  proportional  to  the  saturation  magnetization.  If  the  saturation 
magnetization  is  tor  iow,  the  insertion  loss  per  360°  of  differential  phase 
shift  will  increase  drastically  due  to  dielectric  and  waveguide  copper  losses 
(see  Figure  45).  On  the  other  hand,  if  the  desired  peak  power  capability 
is  obtained  by  rare  earth  doping  to  increase  dH^,  the  insertion  loss  will  in¬ 
crease  in  direct  proportion  to  the  increase  in  dH^  (see  Figure  50).  In  most  operational 
desighs  compromises  will  obviously  be  required  with  the  saturation  magnetization 
decreased  and  dH^  increased  somewhat.  In  any  case,  the  data  and  guide  lines  pre¬ 
sented  in\this  report  should  permit  the  selection  of  material  parameters  for  optimum 
performance  under  a  known  set  of  constraints.  It  should  also  be  recognized  that  for  a 
given  input  power  the  rf  magnetic  field  in  the  ferrite  element  is  a  function  of  the  geometry 
of  the  structure,  the  degree  of  dielectric  loading,  etc.  Therefore,  the  peak  power 
capability  of  a  phase  shifter  can  also  be  increased  by  optimizing  the  geometry.  For 
example,  increasing  the  height  of  a  TE  mode  rectangular  waveguide  phase  shifter  has 
little  effect  on  (he  phase  shift  or  loss  but  appreciably  decreases  the  rf  field  intensity 
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in  the  ferrite  and  hence  increases  the  high  power  capability  (it  will  of  course  ultimately 
lead  to  multi-moding  difficulties). 

In  summary,  it  is  felt  that  the  experimental  and  theoretical  results  presented 
here  represent  a  rather  complete  understanding  of  high  power  effects  in  remanent  state 
ferrites.  These  results,  together  with  the  results  of  the  low  power  studies, provide  a 
basis  for  the  design  of  material  and  structure  for  optimum  high  peak  power  digital 
phase  shifters. 
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5  PRINCIPAL  CONCLUSIONS 


The  correlation  obtained  between  theoretical  predictions 
and  measured  values  of  both  high  and  low  power  charac¬ 
teristics  of  remanent  state  devices  indicates  that  ferri- 
magnetic  materials  in  the  remanent  state  can  be  accu¬ 
rately  represented  as  an  assembly  of  magnetically  satu¬ 
rated  regions  (domains)  whose  size  and  shape  depend, 
among  other  things,  upon  the  shape  of  the  material  sample. 

Peak  power  handling  capability  of  a  remanent  state  phase 
shifter  is  directly  proportional  to  the  spin  wave  linewidth 
4H.  of  the  material  and  inversely  proportional  to  its  nor- 

K  jji 

maJized  saturation  magnetization  w  . 

At  a  given  frequency,  u,  peak  power  capacity  can  be 
increased  by  decreasing  wm  =  y47i  Mg,  e.g.,  by  aluminum 
doping  of  garnets. 

^yk.0+Bk‘ 

When  the  relative  position  of  the  spin  wave  manifold  and 
the  microwave  frequency  for  a  given  domain  is  such  that 

low  k  half-freq\  ancy  spin  waves  are  available,  «  AH.  / 

/  k  *  o 

Peak  power  capacity  of  a  remanent  state  phase  shifter  can 
be  increased  by  increasing  AH.  /  for  all  domains,  e.g. , 

,  y  k  -  o 

by  rare  earth  doping  of  garnets. 

When  the  relative  position  of  the  spin  wave  manifold  and  the 
microwave  frequency  for  a  given  domain  is  such  that  no 
low  k  half -frequency  spin  waves  are  available,  the 

Bk^  term  and,  consequently,  the  threshold  field  of  that 
domain, increase  dramatically.  For  materials  With  low 
AH  /  (such  as  Y1G+A1)  the  spin  wave  linewidth  becomes 

V k  *  o 

^Hk*  Bk  .  The  principal  control  on  the  relative  position  of 
the  different  spin  wave  manifolds  for  the  various  domains  of 

CJ 

remanent  state  material  is  by  variation  of  through  its 

influence  on  the  effective  bias  field  of  each  domain.  The 
multidomain  model  for  these  materials  permits  the  calcula¬ 
tion  of  the  fa'm  at  which  the  abrupt  increase  in  AH^,  caused  by 

the  nonavailability  of  low  k  spin  waves,  occurs.  For  domains 
having  the  lowest  possible  threshold  field  (i.  e.,  Polder  -  Smit 

domains),  the  transition  value  of  — ~  is  found  to  be  about  0.  3. 
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In  a  given  sample  there  may  not  be  any  domains  of  this 
type  and  as  a  result  the  abrupt  increase  in  gower  handling 

capacity  would  occur  at  a  larger  value  of  — . 

Insertion  loss  at  low  peak  power  levels  is  directly  pro¬ 
portional  to  the  intrinsic  linewidth  of  the  material. 

Iitrinsic  linewidth  at  a  given  frequency  is  approximately 
equal  to  dH^  for  that  frequency.  Thus,  increasing  peak 

power  capacity  by  increasing  dH^  necessarily  means  greater 

insertion  loss  at  low  peak  power  levels. 

Loss  per  300°  of  differential  phase  shift  increases  rapidly 

for  low  ratios  of  u  due  to  dielectric  and  copper  losses, 
m 

(jJ 

Thus,  adjusting  — ^  -  to  obtain  high  peak  power  capacity 

can  lead  to  increased  insertion  loss,  as  well  as  requiring 
longer  physical  length  to  obtain  360°  differential  phase  shift. 

The  capability  of  the  analytical  procedure  to  separate  and 
identify  the  source  of  the  various  loss  components  is  of 
considerable  utility  in  selecting  optimum  material  and 
design  to  achieve  a  specified  peak  power  handling  capacity. 

High  density  materials  appear  to  have  the  best  overall 
properties  for  use  in  remanent  state  phase  shifters. 

Remanence  magnetization  appears  to  vary  with  temperature 
in  approximately  the  same  manner  as  the  saturation  magneti¬ 
zation. 

Below  resonance  (in  frequency)  operation  ha6  been  achieved 
in  a  helical  line  digital  phase  shifter.  The  shape  of  the 
resonance  loss  curve  for  the  remanent  state  material  is 
very  much  like  the  resonance  curve  of  a  saturated  sample, 
only  broader.  A  figure  erf  merit  of  about  25  degrees/db  has 
been  achieved  at  1  GHZ>  Operation  at  frequencies  below 

resonance  is  of  great  interest  for  low  frequency  phase  shifters 
because  of  the  inherently  high  peak  power  capacity  obtained. 

Table  VII  lists  some  possible  tradeoffs  in  FDP6  between  peak 
power  (P  ),  average  power  (P&v_),  loss  per  360°  and  phase 

shift  per  inch.  In  each  frequency  band  the  first  line  of  values 
is  typical  of  a  low  peak,  low  average  power  configuration 
designed  to  have  maximum  phase  shift  per  unit  length  and 
minimum  loss  per  360°.  The  second  line  of  values  represents 
a  high  peak,  low  average  power  configuration  in  which  high 
peak  power  capability  has  been  obtained  by  decreasing  the 
ferrite  magnetization.  The  loss  per  360°  increases 
and  the  phase  shift  per  inch  decreases  because  of  the  lower 
value  of  m_.  The  third  line  of  values  represents  a  high  peak, 

D 
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high  average  power  phase  shifter  configuration.  Rare 
earth  doped  (gadolinium)  garnets  would  be  used  to 
achieve  phase  shift  stability  with  average  power 
variations  and  the  loss  per  360°  would  increase  in 
proportion  to  the  required  doping. 

Note  that,  in  going  from  the  low  peak,  low  average  power 
configuration  to  the  high  peak,  high  average  power  con¬ 
figuration  by  rare  earth  doping,  the  loss  per  360°  just  about 
doubles  while  the  phase  shift  per  inch  decreases  by  almost 
one-third.  If  it  is  desired  only  to  increase  the  peak  power 
capability,  aluminum  substitution  only  should  be  used  since 
the  increases  in  loss  associated  with  this  method  of  increas¬ 
ing  the  peak  power  capability  are  substantially  less  than 
with  the  rare  earth  doping. 

In  the  above  discussion  the  geometries  of  the  ferrite  and 
waveguide  were  fixed.  By  making  certain  adjustments  in 
the  ferrite  geometry,  both  the  peak  and  average  power 
capability  can  be  increased  by  approximately  a  factor  of 
10.  The  corresponding  loss  per  360°  increases  about 
25  percent  while  the  phase  Bhift  per  inch  decreases  to  about 
one -third  its  previous  value.  These  sacrifices  are  accept¬ 
able  in  6ome  applications. 
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TABLE  VII.  LOSS  AND  POWER  TRADE-OFFS  IN  FERRITE  PHASE  SHIFTERS 


Freq. 

Band 


P  P 
p  avg 

(kw)  (watts) 


m8 
y4rrM 


ill 


4Hk 


k=o 


(Oe) 


(D  (?) 

Loi3s/360°  d0/ln.  Typical 

(db/360°)  (Degrees  /Inch)  Material 


X 

1 

5 

0.63 

5 

0.40 

150 

Mg  Mn 
Ferrite  or 
YIG 

X 

50 

5 

® 

0. 25 

5 

0.70 

67 

Mg  Mn  A1 
Ferrite  or 
A1  substi¬ 
tuted  YIG 

X 

50 

50 

0.35 

50 

0. 75 

92 

Gd,  A1 

substituted 

YIG 

c 

1 

5 

0. 90 

5 

0. 40 

160 

Mg  Mn 
Ferrite  or 
YIG 

c 

100 

5 

100® 

0. 26 

5 

0,65 

40 

Mg  Mn  A1 
Ferrite  or 
A1  substi¬ 
tuted  YIG 

c 

100 

0.35 

50 

0.  80 

55 

Gd,  A1 

substituted 

YIG 

s 

1 

20 

0. 60 

5 

0, 40 

57 

Mg  Mn  A1 
Ferrite  or 
YIG 

s 

500 

20 

® 

0.26 

5 

0. 70 

23 

A1  substi¬ 
tuted  YIG 

s 

500 

400W 

0.  SO 

50 

0.  95 

28 

Gd,  A1 

substituted 

YIG 

(T)  LP  360°  values  shown  are  for  operational  devices  at  indicated  power  levels. 

( 2 )  4  0/inch  values  shown  are  for  low  power,  room  temperature  operational  values  slightly 
lower. 

(A)  Fin  Cooling  Required:  forced  air  or  water  desirable  (reduced  height  waveguide). 

(5)Water  cooling  and  boron  nitride  thermal  conducting  slabs  required;  reduced  height 
waveguide  desirable. 
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6  PROGRAM  FOR  NEXT  INTERVAL 


The  experimental  and  theoretic  al  investigations  will  continue  along  the 
present  lines.  In  L  band  gadolinium-aluminum  substituted  Y1G  materials  will  be 
tested  at  low  power  levels  to  determine  the  operating  characteristics  and 
limitations  to  be  expected  at  low  frequencies.  Both  above  and  below  resonance 
performance  will  be  determined. 

The  X  band  and  C  band  testing  will  continue  at  low  ^nd  high  power  levels  in 
order  to  further  check  the  validity  of  the  theoretical  model,  a*d  to  extend  the 
materials  evaluations.  Section  4.  3  and  Tables  I  and  II  list  the  materials  selected 
for  these  studies  and  include  14  aluminum  and  rare  earth  substituted  Y1G  materials 
and  13  spinel  ferrites. 


APPENDIX  A 


The  following  derivation  of  the  mathematical  expression  for  the  rf  magnetic 
field  Intensity  applies  strictly  to  a  dielectric- slab  loaded  rectangular  waveguide  prop¬ 
agating  the  TEjq  mode.  Figure  A1  shows  a  cross-sectional  view  of  the  configuration. 


Figure  Al.  Cross-Sectional  View  of  the 
Dielectrically- Loaded  Rec¬ 
tangular  Waveguide 


Equation  (18)  of  Vartanian  et  al  Is  solved  to  read: 

e2  4V1  +  r>p 

Eo - aTTR  PT 


(1) 


where  Z  =  rj  \  =  the  wave  Impedance 
w  p 

rj  =  377  ohms 

k  =  2*r/A0 

"  f 

C/a 

r  =  rrtTT 


k 


r  (1  + 


sm  2 


1/2 


q  =  C/2  a  (*'  k2a2  -  A2) 

P  =  1/2(1  -  C/a)  (k2a2  -  02a2//2 
PT  =  the  threshold  power  level 

E  =  the  maximum  electric  field  Intensity  which  occurs  at  the  center  of  the 
0  guide  _ 


*P.H.  Vartanian  et  al,  Propagation  in  Dielectric  Slab  Loaded  Rectangular  Waveguide," 
IRE  Trans,  of  the  PGMTT,  April  1958. 
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The  transverse  component  of  rf  magnetic  field  intensity  is 


h  >  E 
x  uu0  t 


(2) 


where,  at  the  center  of  the  waveguide,  E  «  E  .  Combining  these  two  equations  gives 


“ox  uu 


0  ^4>7ka/la 


Jfi a  U  +  r)  PT^ 
TTR - / 


1/2 


and  since  u pQ  •>  nk 


then 


(”  ’ lnd  k "  “-Jv® ) 


A  fin  (l  +  r)PTv 
“ox  *  ^  ukxRaV  ') 


1/2 


or 


ox 


1/2 


(01°Rk»  {l  ~l) 


1/2 


in  MKS  units 


or 


4£) 


\  i/2 


/8O80  a  (1  +  r)  \ 

r  Rka  7 


1/2 


(3) 


where  hQX  is  in  oersteds,  PT  in  kilowatts  and  a,  b  in  inches. 

Figure  A2  shows  how  varies  with  frequency  ka  and  dielectric  slab 

width  C/a, 

The  transverse  component  of  rf  magnetic  field  is  maximum  at  the  center  of 
the  waveguide  (X  *  a/2)  and  decreases  sinusoidally  to  the  outer  dielectric  wall.  Thus 

h;  «  h  Cos  («'k2a2-U2»2)1/2  X/a 

X  OX 

and  at  the  outer  dielectric  wall  (X  *  C/2) 

1/2 

h  *  h  Cos(«'k2a2- /?2a2)  C/2a  (4) 

X  ox 


In  most  digital  phase  shifter  structures  the  outer  toroid  wall  is  a  region  in  which 
h  a  J  h  ;  that  is,  the  rf  magnetic  field  is  circularly  polarized  there  and  has  the 

y  * 

magnitude  hx< 


A-2 


A-3 


[  !  <jj  i||  /lVi  t^£  m.i  o»+wt 

,  p  i  iMPUT  PtMC  PomER  (Mm) 
hm  <  muffUti  tjMwnnf  r*  m 
hut  MTHrlUT  AT  I  '  . 

;  4r>  .  fuoc  tmtuVKw  m  mcmu 


1. 

„L 

L 

Figure  A2.  Transverse  Component  of  rf  Magnetic  Field  at  x  *  a/2  Frequency 
and  Slab  Widtn  for  the  TE1()  mode  in  Rectangular  Waveguide 
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